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ABSTRACT 


This  report  presents  the  state  ot  the  art  of  the  effects  of  nuclear  radiation  on 
elastomeric  and  plastic  components  and  materials  from  1947  to  the  present.  As  such, 
it  supersedes  the  following  RE1C  documents:  Reports  3,  3A .  3-2.A,  9,,  and  13,  and 
Memorandums  l,  3,  8,  IS,  and  17. 

The  mechanism  of  radiation  damage  and  tho  effects  of  radiation  in  various  en¬ 
vironments  are  briefly  discussed.  Data  summarizing  the  radiation- effects  information 
on  specific  component?  and  on  the  various  p,  pa  a  of  elastomers  and  plastics  are  pre¬ 
sented  in  detail.  Areas  in  which  additional  work  is  needed  are  indicated.  Radiation 
polymerizati  nn  or  vulcanization  are  included  only  !.£  the  data  have  a  hearing  on  radiation 
effects  on  tho  finished  polymer. 

This  report  ia  intended  to  be  sufficiently  iivUmiv«  to  make  it  valuable  its  <\  refer¬ 
ence  guide  on  the  effects  which  can  he  anticipated  from  nuclear  rtuiullion  ;,m  e UiHtouuirie 
arid  plastic  components  and  materials. 
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THE  EFFECT  OF  NUCLEAR  RADIATION  ON  ELASTOMERIC 
AND  PLASTIC  COMPONENTS  AND  MATERIALS 


SUMMARY  AND  CONCLUSIONS 


Organic  materials  are  suaceptible  to  damage  from  all  types  of  nuclear  radiation. 
Consequently,  plastics  and  particularly  elastomers,  present  serious  problems  in  con¬ 
nection  with  the  development  of  components  and  systems  for  nuclear-powered  vehicles. 
In  addition  to  being  susceptible  to  damage  by  radiation,  many  of  these  rubber  and  plasti 
materials  are  adversely  affected  by  environmental  conditions,  such  as  extreme  tem¬ 
peratures  (-100  to  +500  F) ,  vacuum,  oxidizing  atmospheres  (ozone),  and  various  types 
of  fuels,  lubricants,  and  hydraulic,  fluids,  Although  there  are  number  of  organic 
materials  which  have  radiation  resistance  in  the  range  required,  they  are  not  useful  in 
the  construction  of  many  components  and  systems  because  they  are  lacking  in  some 
other  needed  property,  .For  example,  polystyrene  has  very  good  radiation  resistance 
but  low  strength  and  heat  resistance.  Therefore,  the  major  problem  io  to  develop 
materials  which  will  resist  radiation  and  which  are  also  satisfactory  in  the  environ¬ 
ments  mentioned  above.  Critical  ureas  are:  (1)  seals  and  gaskets,  (2)  hones,  (3)  elec¬ 
trical  insulation,  (4)  transparencies  and  optical  goods,  (5)  structural  units,  and 
(6)  adhesives, 

At  the  present  time,  the  emphanis  on  radiation- effects  studies  in  plasticn  and 
eiattomers  is  twofold.  First,  there  is  an  increase  in  the  dynamic  testing  of  materials 
in  combined  environments,  such  as  irradiation  at  elevated  temperatures  in  air  Had  in 
fluids.  In  this  connection,  data  are  becoming  available  on  the  testing  of  components 
and  systems  under  the  environment#!  conditions  in  which  they  may  be  expected  to  oper¬ 
ate.  However,  results  are  incomplete  because  tent  equipment  for  varying  environ¬ 
mental  conditions  is  difficult  to  design  and  it  is  extremely  difficult  to  determine  me  chan 
ical  and  physical  propm  -a  of  samples  while  they  are  being  irradiated.  Secondly  > 
fundamental  studies  are  being  directed  toward  the  development  of  new  and  imp  in  ed 
testing  methods  and  radiation- resistant  polymers.  The  activities  in  these  two  areas 
should  result  in  better  materials  for  applications  in  nuclear- radiation  environments. 

Another  major  problem  at  present  is  to  determine  the  effects  of  radiation  and 
vacuum  on  the  characteristics  of  polymeric  materials.  Information  currently  is 
limited.  Gassing  and  sublimation  may  be  serious  problems  in  a  combined  environ¬ 
ment  such  as  that  found  in  outer  epiice. 


Components 

Moat  of  the  elastomers  have  been  evaluated  as  component  parts  of  a  system. 
Tires,  insulation,  hoses,  seals,  and  gaskets  have  been  exposed  to  a  radiation  field.  In 
natural- rubber  aircraft  litas,  other  components,  such  as  the  cord,  were  found  to  be  af¬ 
fected  more  seriously  than  the  rubber.  Natural- rubber  aircraft  tires  containing  anti- 
r.uia  have  been  exposed  co  6.  4  x  i0v  ergs  g*  *  (C)  and  found  serviceable  for  two  or  more 
landings  after  irradiation.  Tire  cords  appear  to  be  the  weak  spot.  Dacron  the  most 
radiation- resistant  fiber  found  for  this  application,  but  good  adhesion  to  rubber  is 


difficult  to  obtain.  Seals  and  gaskets  have  been  found  to  have  greater  resistance  when 
immersed  in  oil  and,  as  a  result,  seals  of  Viton  A,  silicone,  or  nitrile  rubber  are  now 
believed  capable  of  service  to  an  exposure  dose  of  10*0  ergs  g~  1  fG)  ,  wh  .  eas,  on  the 
basis  of  static  tests  in  atr,  ait  exposure  dose  of  10®  ergs  g"  *  (C)  has  been  considered 
maximum.  On  the  other  hand,  elastomers  irradiated  while  under  stress  have  less 
resistance  to  radiation  than  unstressed  specimens. 

Oil- resistant,  nitrile- rubber  O- rings  are  available  which  can  be  used  to  10*0  ergs 
g”  *  (C).  Although  this  value  is  somewhat  higher  than  those  reported  previously,  it  does 
not  represent  an  increase  in  radiation  stability,  but  shows  that  the  O-rings  maintain  a 
seal  after  physical  properties  have  been  degraded  by  irradiation.  Viton  A  and  Elasto¬ 
mer  214  O-rings  (both  copolymers  of  hexafluoropropylen-s  and  vinylidene  fluoride)  retain 
rubbprlike  properties  when  exposed  to  10  10  ergs  g~  *  (C)  in  diester  fluid  at  400  F.  How¬ 
ever,  when  these  elastomers  are  irradiated  at  400  F,  hydrogen  fluoride  is  evolved, 
creating  a  corrosion  problem.  Electrical  insulation  consisting  of  glass-mica  tape  im¬ 
pregnated  with  silicone  resins  has  satisfactorily  withstood  an  exposure  of 
lO1*  ergs  g-  1  (C). 

Seals,  .caskets,  sealants,  and  hoses  have  been  exposed  to  combined  environments 
in  systems  and  component  testing  under  anticipated  environmental  conditions  and  h_.vo 
frequently  shown  better  service  characteristics  than  were  anticipated  from  static  data. 

At  elevated  temperatures,  heat  effects  appear  to  be  more  serious  than  radiation  effects. 
The  lowering  of  tensile  strength  with  temperature  is  often  greater  than  that  caused  by 
high  radiation  exposures,,  in  most  cases,  heat  and  radiation  effects  are  not  additive; 
for  many  materials  the  total  effect  is  less  than  the  sum  of  the  combined  environments. 

In  the  case  of  olongation,  where  the  effect  of  temperature  ie  not  great,  radiation  de¬ 
gradation  appears  to  be  the  more  important  factor. 

Radiation- dumago  th  re  molds  of  several  plastic  lai  dilates  have  been  determined  at 
room  temperature.  Phenolic  laminates  retained  mechanical  propel  ties  better  than  such 
laminates  as  polyesters,  silicones,  and  epoxies  when  irradiated.  The  latter  three  types 
of  laminates  reached  threshold -damage  levels  before  an  exposure  dose  of  8.  3  x  10^ 
urgH  g"  *  (C),  but  phenolic  laminates  retained  useful  properties  beyond  this  exposuru 
dose.  Aloo,  for  some  of  the  laminates,  radiation  resistance  at  high  temperature*! 

(500  F)  has  been  Investigated.  Phenolic  and  epoxy  laminates  showed  exceptionally  good 
radiation  stability  at  tempo ruturco  Up  to  500  F.  It  was  found  that  fluxurul  strength 
of  phenolic  laminates  for  specimens  irradiated  at  500  F  and  4.  2  x  10^  ergs  g"  )■  (C)  was 
twice  as  good  as  that  for  specimens  aged  at  500  F  without  irradiation.  Compressive 
strength  of  heat-resistant  epoxy  laminates  irradiated  at  500  F  and  B.  3  x  10^  ergs  g"  1  (C) 
was  higher  than  that  of  specimens  aged  at  500  F  without  irradiation.  Phenolic  laminates 
have  shown  no  greater  decrease  in  strength  due  to  irradiation  when  exposed  to  gamma 
irradiation  at  a  temperature  of  900  F  than  when  exposed  to  the  same  temperature  with 
no  irradiation. 

Present  information  regarding  radiation  stability  of  adhesives  is  available  only 
for  those  adhesives  developed  for  structural  applications  in  aircraft  and  missiles.  Ir¬ 
radiation  studies  on  phenolic- epoxy ,  vinyl-phenolic,  nylon- phenolic,  epoxy,  and  nitrile 
rubber- phenolic  types  of  sdhesives,  using  neutron,  electron,  and  gamma  radiation,  in¬ 
dicated  that  each  type  of  radiation  caused  similar  damage  at  similar  dosages.  In 
general,  it  was  found  that  adhesives  developed  for  high- tempe  ratu re  use,  such  as  the 
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phenolic- epoxy  types,  have  better  resistance  to  radiation  compared  with  thermoplastic 
and  general-purpose  types.  Phenolic- epoxy  adhesives,  such  as  Shell  422J  and  Narmcc 
<15-1  have  excellent  radiation  stability  at  room  temperature .  They  retain  useful  strength 
properties  to  a  radiation- exposure  dose  of  10**  ergs  g“  *  (C).  For  elevated  tempera¬ 
tures  (to  500  F) ,  Adhesive  422J  appeared  to  be  the  best  adhesive  tested.  It  retained 
good  shear  strength  when  tested  at  500  F  after  being  exposed  at  room  temperature  to  a 
radiation  dose  of  8.  1  x  10*®  ergs  g”  *  (C).  A  vinyl- phenolic  adhesive  on  a  glass  carrier, 
FM-47,  and  a  modified  nylon- phenolic  adhesive,  Cydeweld  C-fe,  retained  good  shear 
strength  at  10  1  *  ergs  g"  *  (C).  Most  epoxy  and  nitrile  rubber- phenolic  adhesives  show 
good  adhesion  at  room  temperature  to  5  x  10*®  ergs  g  ■  *  (C).  Neoprene-phenolic  ad¬ 
hesives  appear  to  be  useful  to  10  10  ergs  g“*  (C).  The  rubber-phenolic  adhesives  are 
generally  more  flexible  than  the  phenolic- epoxy  type,  but  the  bonded  areas  tend  to  creep 
under  shear  stress. 

In  general,  a  filler  improves  the  radiation  stability  of  an  adhesive,  although  in 
some  cases  at  a  sacrifice  of  the  over-all  sheer  strength.  The  curing  agent  and  reactive 
diluent  used  in  epoxy  adhesives  will  also  influence  the  radiatic  stability  of  the  adhesive. 
Aromatic  curing  agents  generally  produce  more  radiation- resistant  compositions  than 
do  the  aliphatic  curing  agents. 

The  maximum  variation  doses  to  which  various  components  can  be  exposed  and 
still  retain  useful  properties  are  shown  graphically  in  Figure  1. 


Elastomers 

On  the  basis  of  current  data,  the  moat  radiation- resistant  elastomers  are  poly¬ 
urethanes,  adduct  rubbers  (diene  elastomers  in  which  the  unsaturation  is  reduced  by 
treating  with  »n  alkyl  mercaptan),  and  natural  rubber.  The  polyurethane  elastomers 
may  be  used  for  dynamic  applications  up  to  exposure  doses  in  the  range  of 
1,  7  x  10  1  ergs  g“*  (C),  and  for  static  applications,  up  to  4.  4  x  10 11  ergs  g-  1  (C). 
However,  radiation  stability  may  be  lower  if  moisture  is  present,  nlnee  polyurethane 
elastomers  are  sensitive  to  water.  The  adduct  rubbers  possess  some  strength  and 
flexibility  at  an  exposure  dose  of  8.  7  x  10*®  orgs  g"  *  (C).  For  dynamic  applications 
they  should  be  satisfactory  to  an  exposure  of  approximately  1  to  2  x  10*®  ergs  g“  *  (C), 
Natural  rubber,  although  possessing  a  fair  amount  of  flexibility  at  8.  7  x  10*°  erg' 
g'  *  (C),  cun  bo  considered  as  having  an  exposure  limit  of  4  x  10*0  ergs  g"  1  (C)  for 
static  operations  and  5  x  10^  ergs  g“  *  (C)  for  dynamic  operations.  Natural  rubber  and 
GR-S  have  life  expectancies  of  about  200  hours  when  exposed  in  radiation  fields  of  about 
10  ergs  g"  *  (C)  in  the  absence  of  air.  In  general,  most  elastomers  Increase  in  hard¬ 
ness  when  irradiated.  Butyl  and  Thiokol  rubbers,  however,  soften  and  become  liquid 
with  high  radiation  doses.  The  relative  radiation  resistances  of  the  various  elastomers 
arc  shown  graphically  in  Figure  2. 

Elastomers  irradiated  and  tested  at  a  slightly  elevated  temperature  (158  F)  have 
illustrated  the  importance  of  testing  materials  at  operating  temperatures.  In  general, 
heat  and  radiation  effects  are  not  additive  for  elastomers.  In  most  cases,  the  combined 
effects  were  less  than  the  additive  effects. 

Elastomers  generally  acquire  a  high  compression  set  when  irradiated  at  elevated 
temperatures  while  they  are  compressed.  Or  the  other  hand,  it  they  are  irradiated 
while  relaxed,  compression  set  ordinarily  is  lees  than  the  initial  value.  It  is  believed 
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that  this  difference  is  due  to  the  fact  that  c  roe  slinking  of  an  elastomer  in  the  compressed 
staLe  will  tend  to  set  the  rubber  permanently  in  the  strained  condition,  whereas,  when 
the  rubber  is  irradiated  in  an  unstressed  condition,  the  crosslinking  results  in  a  more 
rigid  structure  which  tends  to  resist  subsequent  compression  act. 

The  presently  available  rubbers  for  use  above  300  F  do  not  have  good  radiation- 
resistant  properties.  Silicones  and  fluorine- based  polymers,  the  best  temperature- 
resistant  rubbers,  are  below  average  in  radiation  resistance.  Nitrile  rubber,  and  to  a 
lesser  extent,  neoprene  rubbers,  are  being  used  for  radiation  applications  at  tempera¬ 
tures  below  300  F. 

It  has  been  found  that  the  radiation  resistance  of  an  elastomer  is  dependent  on  the 
composition  of  the  compound,  i.  e,  ,  type  of  curing  agents,  antioxidants,  fillers,  and 
other  additives  utilized  in  their  preparation,  and  to  the  processing  and  curing  conditions. 
Filler-loaded  elastomers  are  more  resistant  to  radiation  chan  the  pure  gum  stock;  car¬ 
bon  black  appears  to  be  tba  best  filler  for  improving  a  compound's  radiation  resistance, 
Curing  conditions  are  also  important;  indications  are  that  it  is  best  to  have  the  rubber 
compound  slightly  undercured. 

Although  these  factors  influence  the  radiation  stability  of  elastomers,  improve¬ 
ment  by  a  factor  of  2  to  1C  can  bo  realized  only  through  the  use  of  certain  protective 
agents,  such  as  amines  and  phenols,  which  have  been  given  the  name  of  unlirads.  These 
materials  often  have  antioxidant  properties.  The  best  material  found  thus  far  is  N,  N'~ 
eyclohexylphenyl-p-  phcnylenediamine.  At  a  radiation  dose  of  10®  ergs  g“  *  (C),  it  has 
increased  the  life  of  natural  rubber  more  than  tenfold.  Antirado  are,  however,  specific 
in  thui  some  are  more  effective  with  one  type  of  polymer  than  with  another.  There  la 
still  u  need  for  antirads  that  would  be  effective  with  Viton  A  elastomer.  Tests  Id  which 
over  100  materials  were  evaluated  as  potential  antlrads  showed  that  the  best  results  are 
obtained  if  the  untirad  is  utilized  in  combination  with  the  commonly  used  antioxidant, 
phenyl  beta  naphtbylamino. 


Plastics 

In  general,  plastics  are  equal  or  superior  to  elastomers  in  radiation  resistance, 
but  are  inferior  in  their  resistance  to  metals  and  ceramics.  Among  the  plastics,  the 
rigid  types  are  the  more  radiation- resistant  materials. 


At  present,  the  materials  which  will  operate  satisfactorily  in  the  range  of 
10*®  to  10  *  ergs  g“  *  (C)  are  glass- fiber-  and  asbestos- filled  phftnollcs,  certain  epoxy 
ny  Hteins  ,  polyurethane,  polystyrene,  mineral-filled  polyester  ,  mineral- filled  silicones  , 
furane -type  resins,  and  polyvinyl  carbazolc.  The  next  best  materials,  satisfactory  in 
the  range  of  10^  to  10  10  ergs  g_i  (C),  include  polyethylene,  melamine-,  urea-,  and 
aniline-formaldehyde  resins,  unfilled  phenolic  resins,  and  silicone  resins,  Of  the 
latter  ,  urea- formaldehyde  with  cellulose  pulp  aa  filler  is  about  average  in  radiation 
stability. 


Methyl  methacrylate  and  unfilled  polyesters  have  relatively  poor  radiation  stability 
as  compared  with  other  plastics.  However,  compared  with  elastomers,  they  are  about 
equal  to  SHR,  one  of  the  more  radiation- resistant  synthetic  rubbers.  Materials  having 
poor  radiation  stability  include  the  ceilulosics,  polyamides,  and  Teflon, 
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The  relative  radiation  resistances  of  the  thermosetting  and  thermoplastic  resins 
are  shown  graphically  in  Figures  J  and  4,  respectively. 

Uiffi cultie a  are  experienced  with  fluorine- containing  materials,  such  as  Teflon, 
Kel-F,  or  PVC  in  a  radiation  environment,  due  to  degradation  of  physical  properties 
and  to  the  liberation  of  halogen  or  halogen  acid  which  have  corrosive  effects  on  adjacent 
components.  This  occurs  at  approximately  10h  ergs  g~  *  (C)  for  Teflon,  10^  ergs  g-  1  (C) 
for  Kal-F,  and  10^  ergs  g"  *  (C)  for  PVC,  Gassing  of  most  plastics  is  another  problem 
in  enclosed  or  poorly  ventilated  systems. 

Several  methods  of  improving  the  radiation  resistance  of  plastics  have  been  inves¬ 
tigated.  These  are  the  addition  of  mineral  fillers,  ceramic  fibers,  and  organic  addi¬ 
tives.  Mineral  fillers  and  ceramic  fibers  improve  the  radiation  resistance  of  moat 
plastics.  The  improvement  may  be  the  result  of  the  formation  of  more  rigid  structures 
or  may  be  duo  to  the  absorption  of  a  portion  of  the  radiation  energy  by  the  filler.  Little 
success  has  been  achieved  with  organic  scintillators  except  with  2,  5- diphctnyloxazolo, 
which  was  found  to  improve  the  radiation  resistance  of  an  epoxy  adhesive  by  a  factor  of 
four. 


lie  commendations 

Additional  information  on  radiation  resistance  of  polymers  is  needed  in  the 
following  ureas' 

(1)  More  data  are  needed  on  service  life  of  components ,  such  as  seals, 
seulunls,  laminates,  ami  adhesives  under  high  vacuum,  bout,  and 
radlutio  n, 

(2)  The  effects  of  radiation  ut  high  tompe futures  urni  extremely  low 
(cryogenic)  temperatures.  The  need  for  elastomers  and  plastics  i.'or 
use  ut  these  temperatures  becomes  more  acute  with  the  development 
of  spuco  vehicles.  Little  is  known  of  how  materials  will  function 
under  radiation  at  high  and  extremely  low  temperatures,  Some 
progresr  has  been  truth  In  the  design  of  such  polymers,  but  none 
are,  «h  yet ,  available  for  uuc  above  750  F. 

(4)  Data  arc  needed  on  the  combined  effects  of  radiation  and  vacuum 
on  polymeric  materials. 

(4)  Methods  for  predicting  life  of  polymers  in  a  radiation  field  are 
needed. 

(5)  Additional  information  on  the  mechanism  of  radiation  damage  on 
polymers  that  will  he  helpful  in  designing  radiation-  and  heat- 
resistant  polymeric  systems.  To  develop  such  systems,  greater 
emphasis  should  he  placed  on  more  stable  moleiular  structures  or 
structures  having  the  ability  lo  convert  absorbed  radiant  energy  to 
other  forms  of  energy  whuh  may  he  dissipated  with  little  or  no  dam¬ 
age  to  the  base  materir.i.  At  present,  rescan  h  is  being  directed 
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toward  resonating  structures  and  the  inclusion  of  radiation 
resistant  organic  groups  and  metals  in  the  polymer  chain. 
These  studi-sa  should  be  continued  at  a  high,  rate  of  effort, 
since  it  appears  that  structures  that  are  stable  to  heat  may 
also  be  stable  to  radiation. 


INTRODUCTION 


This  repot t  presents  tho  state-  of  the  art  on  the  effects  of  nuclear  radiation  on 
elastomeric  and  plastic  materials.  It  is  a  compilation  ot  the  data  published  in  past  REIC 
reports  and.  therefore,  supersedes  the  following  REIC  documents:  Reports  3,  3A,  3~ 

2A,  '),  and  13,  cind  Memorandums  1,  3,  8,  15,  and  17  Included  are  the  data  obtained 
during  the  period  Ap-  .1  30,  ,960,  through  April  30,  1961.  Thus,  this  icport  summarizes 
the  available  information  on  radiation  effects  on  polymeric  components  and  materials, 

Most  of  the  earlier  available  data  on  radiation  effects  on  rubber  and  plastic  mate¬ 
rials  represented  studies  on  small,  thin  specimens  subjected  to. a  variety  of  radiation 
dosages  and  the  physical  properties  of  the  specimena  after  exposure.  Only  a  relatively 
small  number  of  studies  took  into  consideration  exposure  rate  and  sample  thickness. 

Also,  only  a  few,  limited  studies  involved  (1)  operational  data  and  (2)  combined  effects 
of  rauiition  and  other  conditions  such  as  temperature  and  atmosphere.  Later  informa¬ 
tion  indicated  that  operational  data  did  not  always  correlate  with  experimental  results. 

In  some  cases,  longer  operation  was  experienced  titan  that  predicted  from  the  experi¬ 
mental  data  on  polymers  irradiated  in  air  under  static  conditions. 

Data  for  fabricated  parts  tested  under  dynamic  test  conditions  or  under  various 
environments,  such  as  exposure  at  higher  temperatures,  exposure  In  various  thicknesses 
in  air,  or  exposure  while  immersed  in  oil  or  fuel,  have  become  available,  Included  aro 
the  radiation  stability  of  end  items,  such  us  tires,  O- rings,  and  plastic  laminates  under 
various  environmental  conditions.  Components  and  systems  have  been  tested  under 
anticipated  environmental  conditions.  These  studies  give  additional  information  on  the 
radiation  inability  of  rubber  and  plastic  purls. 

In  addition  to  the  testing  of  components  und  systems,  a  greater  emphasis  on  funda¬ 
mental  work  is  noted  in  the  rupo.ts  published  during  the  past  few  yearn,  Although  this 
type  of  research  is  necessary  for  developing  elastomers  and  plastics  hiving  improved 
radiation  and  temperature  stability,  it  will  probably  he  some  time  before  such  new  and 
improved  materials  will  be  available  fur  engineering  applications.  A  section  indicating 
Ihu  fundamental  work  in  progress  has  been  Included  in  tins  report. 

Radiation- effects  information  is  available  on  a  variety  of  rubber  and  plastic  mate¬ 
rials.  This  information  is  at  times  conflicting  because  workers  have  not  used  identical 
compositions  und  cquivulent  radiation  conditions  in  their  experimental  studies.  However, 
it  has  been  reported  that,  in  general,  elastomers  urn  not  us  resistant  as  most  plastics. 
Elastomers  arc  resistant  up  to  doses  of  10®  ergs  g~  *•  (C),  while  most  plastics  are  not 
affected  until  10®  to  10®  ergs  g"  *  (C),  and  some  are  not  uffuctcd  by  doses  of  10^®  ergs 
g"  1  (C).  The  range  ol  radiation  doaos  at  which  various  elastomers  are  changed  by  25  per 
cent  is  approximately  10®  to  10^  ergs  g“  1  (C).  For  plastics,  this  range  varies  from 
approximately  10®  to  10^  ergs  g'*  (C). 

Tables  1,  2,  and  3  show  the  effect  of  radiation  on  some  of  the  more  commonly 
used  elastomers  and  plastics.  These  tables  list  radiation  doses  at  which  (1)  threshold 
damage  occurs,  i.  e.  ,  at  least  one  physical  property  begins  to  change;  and  (2)  25  per¬ 
cent  damage  is  accrued,  i.  e,  ,  at  least  one  physical  property  is  changed  by  25  per  cent. 
Any  deviation  from  the  original  value,  either  an  increase  or  a  decrease,  is  considered 
damage.  I‘  ,•••■' t  be  recognized  that  all  the  physical  properties  of  rubbers  and  plastics 
do  not  •.  lit.  n  lie  same  degree  and,  consequently,  the  relative  order  of  stability  may 
differ  iron,  loose  given  in  the  tables,  if  the  comparison  is  made  on  the  average  change  of 


TABLE  1 


RELATIVE  RADIATION  RESISTANCE  OB*  ELASTOMERS 


Radiation  Dosage 
Requited  for 
25  Por  Cent  Damage, 
ergs  g-1  (Ci) 


Polyurethane  rubber 

tt 

.  7  x  iO8 

4,3x1 09 

Natural  rubber 

2 

x  1 0® 

5,  0  x  109 

Adduct  rubbers 

4, 

.  2  x  1 08 

-  3. 0  x  IO9 

Sty  rone -butadiene ,  SBR(GR-S) 

l 

x  108 

1.  3  x  IO9 

Vitou  A 

5 

x  108 

3.  0  x  109 

Poly  FDA 

5 

X  108 

1  x  )09 

CyitiioMilicoiio  rubber 

1  x  IO9 

Vinyl  Pyridine  ulustonuufci 

4 

x  1  OH 

V  X  108 

Acrylim  rile  rubber 

2 

x  1 08 

7  x  108 

Nitrile  rubber 

2 

x  IO8 

7  x  1 08 

Neoprene  i'ubbur 

2 

x  ll)8 

5.  5  x  108 

llypnlon  (chlnruaulfonutod  polyethylono) 

-- 

4  x  108 

Kel-F 

i 

X  !U8 

6  x  108 

Silicone  rubber 

1. 

3  x  10s 

4.  2  x  IO** 

Polyacrylic  rubber 

1 

x  iO8 

3,  3  x  10H 

llutyl  rubber 

7 

x  108 

4  x  108 

Poly  will  fide  rubber  (Thiokol) 

5 

>:  107 

1,  5  x  H)8 

Radiation  Dosage 
Required  for 
Threshold  Damage, 

Material  ergs  g "1  (C) 


i  s 


TABLE  2.  RELATIVE  RADIATION  RESISTANCE  Op  THERMOSETTING  RESINS 


Material 

Ktdlation  Dosage 
Required  for 
Threshold  D  mage, 
e«g»  8-1  <<C) 

Radiation  Dosage 
Required  for 

25  Per  Cent  Damage, 
««»•  g'1  («) 

Remarks 

Phenolic* 

>9,3;  1011 

Katllaiion  at  higli  temperature  Improves  properties 

Laminated,  glasa  fiber 

**• 

Asbestos  filled 

a,  si  x  1011 

/•J.l  1  X  111*1 

Unfilled 

2.7  X  ^0,, 

1.  1  II  io" 

Epoxy 

L.ft  X  1 0 1 1 

ii. a  x  io»» 

Uesli.unec  dependent  on  curing  system 

Isoeyanute,  foam  sandwich 

M  x  If)1' 

Polyester 

Laminated,  glim  fiber 

I  x  1 0*  * 

a.  n  x  i o 1 1 

Mineral  filled 

H.7  X  10" 

Unfilled 

ft  X  ID7 

1.2  X  10'* 

Mylar  film 

4.<l  X  10l* 

H,  7  X  HI1' 

A  llyl  diglyi  til  carbonate 

1 .  fi  X  1 0(l 

II.  (1  X  Hi” 

Sllluillei 

LailliliUteil,  1(1/1'.!  flb>  i 

1  X  III1 1 

Mineral  filled 

lx  HI1 1 

■- 

1  Inf  illvil 

i  x  I010 

-- 

Pnrane  Hewn 

a ,  a  x  i  u 1 ” 

a. a  x  io11 

Asbestos  and  carbon  "l/lack  filled 

Amino  Hesnil 

Melamine  for ma Ideliydc 

7.4  x  l(T 

7.3 x  10J 

llftft  “fomuilJtliyUi’ 

4.  ft  y.  ioJ' 

7.4  X  I07 

a. a  x  io:i 

A  ii  tin  u* "  foi  uni  Id  diydc 

i .  1  x  i  n!l 

Data  for  liiipitil  stfenglli  only:  oilier  properties  are 
good  to  J(j">  ergs  g"  *  (O 
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TABLE  3.  RELATIVE  RADIATION  RESISTANCE  OF  THERMOPLASTIC  RESINS 


Material 


Radiation  Dosage 
Required  for 
Threshold  Damage, 
ergs  g_1  (C) 


Radiation  Dosage 
Required  for 


25 


Per  Cent  Damage, 
ergs  g"1  (C) 


Polystyrene 

Polyvinyl  carbazolc 

Polyvinyl  chloride 

Polyethylene 

Polyvinyl  formal 

Polyvinylidene  chloride  (Sar&n) 

Polycarbonate 

Kel-F 

Polyvinyl  butyral 

Cellulose  acetate 

Poly  methyl  alpha- chi  ornacry  late 

Polymothyl  methacrylate 

Polyamide  (Nyluu  6,6  or  Nylon  -6) 

Vinyl  chloride-acetate 

Teflon 

Ac  c tal  ( pol yfo rmuldohydo) 
Polypropylene 


8  x  10 

10 

8.  B  x 

109 

1 ,  9  x 

!09 

1.  9  x 

I09 

1 . 6  x 

109 

4.  1  x 

)08 

4.  3  x 

10« 

1.  3  x 

I08 

4,  7  x 

108 

2.  7  x 

10“ 

1.  0  x 

10rt 

8,  Z  x 

I07 

8.  b  x 

107 

1. 4  x 

K)fi 

1.  7  x 

I06 

>4  x  101 1 
-4.  4  x  101  1 
I,  l  x  10*0 
9.  3  x  109 

1.  2  x  1010 
4.  5  x  109 
4.  3  x  109 
2  x  109 

1. 9  x  109 
1. 9  x  109 

2,  A  x  I0H 

1.  1  x  109 
4,  7  x  10B 

2.  5  x  108 

3.  7  x  )08 


Very  poor  rosiatruico  at  4.  4  x  108 


No  specific  data;  but  is  much  inferior  to  polyethylene 
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tin-  over-. ill  properties  or  the  change  of  a  specific  p rope it y .  In  general,  however,  tables 
roprosontinK  the  average  over-all  change  of  the  materials  would  be  similar  to  those 
given. 

In  general,  conclusions  and  necessary  supporting  data  are  presented  in  the  text. 
More  complete  data  can  be  found  in  the  appendixes. 


THEORETICAL  CONSIDERATIONS  IN  IRRADIATION 
OF  ORGANIC  MATERIALS 


Atomic  fission  produces  many  kinds  of  radiation  or  nuclear  particles,  but  only  two 
of  those,  neutrons  and  gamma  photons,  are  able  to  penetrate  more  than  a  few  centi¬ 
meters  of  solid  material.  Because  the  shielding  around  the  reactor  and  the  fissioning 
fuel  will  absorb  an  but  these  two  types,  aircraft  engine  ;rs  are  concerned  primarily  with 
neutrons  and  gamma  photons.  These  photons  and  neutrons,  on  passing  ‘hrough  metals, 
will  cause  ionization  electronic  excitation,  atomic  displacement,  lattico  disturbances, 
and  transmutation.  0> 

Organic  materials,  on  the  other  hand,  consist  primarily  of  carbon  and  hydrogen 
bound  together  by  chemical  bonds  that  are  relatively  easy  to  broak  with  the  addition  of 
energy.  Both  gamma  rays  and  neutrons  can  cause  molecular  changes  which  will  greatly 
affect  the  properties  of  the  material.  Fast  neutrons  can  react  In  several  ways,  Incident 
fast  neutrons  give  up  approximately  one-half  of  tl  'r  energy  per  collision  to  the  target 
hydrogen  atoms.  These  recoiling  utoms  can  become  ionized,  and  the  slow  neutrons  re¬ 
sulting  from  the  collisions  can  react  with  nuclei,  releasing  strong  gamma  rays.  The 
gamma  rays  from  these  «  upturn  relictions  may  cause  the  formation  of  nuw  radical  groups 
or  free  radicals  and  ionization.  (2) 

Organic  materials  are,  as  a  result,  inferior  to  metals  with  roopect  to  radiation 
stability  (see  Figure  5).  Crystalline  materials,  metals,  and  ceramics  are  relatively 
insensitive  as  a  class  to  nuclear  radiation.  Noncrystalline  organic  materials,  on  the 
other  hand,  are  severely  damaged  by  radiation  doses  thousands  of  tlm**s  lower  than  that 
necessary  to  affect  metals  and  ceramics  delectably. 

Factors  affecting  radiation  damage  Include  the  type,  amount,  find  rate  oi  radiation, 
tho  composition  of  the  organic  material,  and  the  volume  of  thw  material  subjected  to  ra¬ 
diation.  Damage  which  occurs  Ih  proportional  to  the  amount  of  radiation  absorbed,  and 
one  of  the  problems  has  been  to  determine  accurately  the  amount  of  radiation  to  which  a 
material  is  subjected  and  which  it  absorbs. 

It  is  extremely  difficult  to  compare  radiation  data  from  lasts  obtained  under  various 
radiation  sources.  Because  of  the  differences  in  the  over-all  radiation  spectrum  of  a 
graphite- moderated  and  a  water- moderated  reactor,  or  a  cobalt-60  and  a  spent- fuel 
gamma  source,  the  damage  that  radiation  from  these  sources  causes  to  various  imperi¬ 
als  will  differ,  although  the  total  absorbed  energy  may  be  the  same  in  each  case.  There¬ 
fore,  in  presenting  the  experimental  work,  it  is  necessary  to  specify  the  radiation 
spectrum,  as  well  as  the  energy  absorbed,  when  making  a  comparison  of  damage  to 
various  materials  irradiated  under  different  sources.  This  is  particularly  true  with 
crystalline  materials.  With  organic  materials,  these  differences  in  spectra  are  not  so 
important  lie,  ause,  for  the  range  of  energies  of  most  interest  and  for  moot  organic 
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Epithermal 


Becomes 


Epi.herrnal 


IQ1* 

I0T 

€> 

"o 

!0e 

SO" 

10* 

— 

10" 

I0‘° 

10" 

io" 

m, 

_ _ _ „„ 

10" 

10" 

IOeo 

IO'8 

—  — 

*W, 

^ - - 

io« 

10" 

Transistors 
-Glass 


Orgunic  liquids 
■Graphite 
Rjlyethylene  - 


Mineral- filled  phenolic - 
prdymer 

Hydrocarbon  oils 


■Carbon  steel 
Polystyrene  - 


All  plastics 

■Carbon  steels .  - 

■Stainless  steels  . 

■  Aluminum  alloys 


FIGURE  5.  RADIATION  RESISTANCE  OF  VARIOUS  TYPES  OF  MATERIALS 

Note;  Source  iti  G.  R.  Ilenuig,  "Mode rate r«  ,  Shielding  ;md 
Auxiliary  Equipment",  talk  given  at  the  colloquium  on 
The  Effects  of  Radiation  on  Materials,  at  Johns  llopl-.iuH 
University,  March,  195V. 
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compounds,  it  can  be  assumed  that  the  total  energy  absorbed  determines  the  amount  of 
damage,  whether  this  energy  comes  from  gammas,  neutrons,  or  both. 


GENERAL  EFFECTS  OF  RADIATION  ON  POLYMERIC 


Elastomers  and  plastics  are  primarily  organic  materials  which  consist  of  carbon 
and  hydrogen  atoms  bound  together  by  covalent,  bonds  that  are  easily  disrupted  by  the 
addition  of  radiation  energy.  In  this  respect  they  differ  from  metrla  and  ceramics  which 
are  primarily  crystalline,  do  not  contain  covalent  bonds,  and  arc  not  readily  affected 
by  radiation.  Consequently,  elastomers  and  plastics  are  inferior  to  metals  and  ceramics 
with  respect  to  radiation  resistance. 

Polymeric  compounds  exhibit  several  types  of  changes  on  irradiation.  ^  Most 
changes  depend  only  on  total  dose.  Some  are  dose- rate  dependent  because  of  the  influ¬ 
ence  of  dose  rate  on  free- radical  concentration.  Some  ch  ages  are  of  high  enough  order 
to  servo  as  measures  of  radiation  dose. 

Radiation- induced  changes  have  their  origin  in  the  rupture  of  covalent  bonds  in 
organic  molecules.  Effects  are  small  in  simple  organic  compounds,  but  are  much  more 
p renounced  in  polymers,  Among  radiation- induced  changes  in  rubber  and  plastics  are 
those  in  appearance,  chemical  state,  physical  state,  and  1?  ■jchanical  properties.  Ap¬ 
pearance  changes  with  temporary  and  permanent  color  effects  and  bubbling.  Chemical 
changes  include  double- bond  formation,  riohydrocblorination,  crossllnking,  oxidative 
degradation,  polymerization,  depoiymerization  and  gas  evolution.  Physical  changes  in¬ 
clude  effects  on  viscosity,  solubility,  conductivity,  free-radical  spectra,  fluorescence, 
and  crystallinity.  Changes  in  crystallinity  are  indicated  by  measurements  of  density, 
heat  of  fusion,  X-ray  diffraction,  and  other  properties.  Meehan... <*1  properties  that 
change  are  tensile  strength,  elastic  modulus,  hardness,  elongation,  flexibility,  etc. 

Fait- neutron  and  gamma  radiation  emitted  front  a  nuclear  reactor  produce  various 
chemical  reactions  in  plactics  and  rubbers;  those,  in  turn,  change  the  physical  properties 
of  the  materials.  (’)  The  now  chemical  bonds  formed  by  radiation  are  irreversible  and 
cannot  bo  removed  by  post- Irradiation  heating. 

Several  reactions  occur  concurrently  with  irradiation,  but  the  dominating  reactions 
and  the  rates  at  which  they  proceed  depend  upon  the  chemical  structure  of  the  material. 
For  many  plastics  and  rubbers,  the  effect  is  essentially  a  curing  process  characterized 
by  an  increase  in  hardness,  a  decrease  in  solubility,  and  sometimes,  initially,  by  an  in¬ 
crease  in  strength.  A  moderate  amount  of  radiation  may  be  beneficial  to  these  mate¬ 
rials,  but  ultimately,  in  a  radiation  field,  they  lose  tensile,  shear,  and  impact 
strengths  and  elasticity,  and  finally  become  brittle.  Gas  is  often  evolved  during  irradia¬ 
tion.  Other  types  are  degraded  by  radiation;  Lhey  soften  and  become  sticky  or  eventually 
disintegrate  into  a  powdery  substance.  Irradiation  also  makes  organic  materials  more 
susceptible  to  oxidation, 

Materials  in  which  the  curing  effect  predominates  (crosslinking)  include  polyeth¬ 
ylene,  polystyrene,  silicone,  natural  rubber,  neoprene,  GR-S  rubber,  andBuna-N 
rubber.  Teflon,  Xcl-F,  Lucite,  cellulose  plastics,  butyl  rubber,  and  Thiokol  arc  pre¬ 
dominantly  affected  by  chain  scission  and,  consequently,  softening  of  the  material. 


u; 

Certain  materials,  called  antirads,  arc  known  to  inhibit  radiation  damage.  These 
include  aromatic  structures,  certain  antioxidants,  and  mineral  fillers.  Research  is  be¬ 
ing  carried  out  to  find  the  most  effective  inhibitors. 

Inorganic  fillers  usually  increase  radiation  resistance.  Laminates  of  glass  cloth 
have  more  structural  stability  than,  the  resins  alone,  but  fillers  such  as  cloth  and  paper 
reduce  radiation  resistance. 

Sisman  and  Bopp^  determined  the  effect  of  polymeric  structure  on  the  radiation 
stability  of  plastics  and  have  ranked  the  structural  groups  in  the  order  of  their  stability 
(see  Figure  6).  From  this  it  can  be  seen  that  the  benzene  group  attached  to  the  main 
chain  but  not  present  as  part  of  the  chain,  provides  the  greatest  radiation  stability  to  the 
polymers,  while  the  presence  of  quaternary  carbon  atoms  leads  to  radiation  instability. 

All  the  properties  of  a  polymer  are  not  affected  to  the  same  degree  by  radiation. 
Therefore,  in  determining  which  rubber  or  plastic  is  best  for  a  particular  application,  it 
is  necessary  to  consider  the  effect  of  radiation  in  two  ways.  First,  the  over-all  radia¬ 
tion  stability  of  the  material  must  be  taken  into  account,  and  second,  the  effect  of  radia¬ 
tion  on  those  properties  which  are  important  for  the  desired  application  must  be  con¬ 
sidered.  For  example,  two  elastomers  may  have  good  over-all  radiation  stability,  but 
with  one,  the  tensile  strength  fails  first  under  irradiation,  while  with  the  other,  the  com¬ 
pressive  strength  is  the  property  which  deteriorates  most  rapidly.  The  first  rubber 
could  be  used  most  advantageously  for  applications  where  compressive  strength  is  one  of 
the  important  requirements,  such  as  in  gaskets  or  seals.  The  latter  rubber  could  serve 
best  for  applications  where  retention  of  tensile  strength  is  most  important. 

At  present,  no  commercially  available,  new  or  improved  radiation- resistant 
polymers  are  in  sight.  However,  as  more  information  on  the  structural  factors  affecting 
radiation  resistance  is  obtained,  new  polymers  will  be  synthesized  to  take  advantage  of 
this  knowledge. 

It  is  believed  that  polystyrene  has  excellent  radiation  resistance  because  the  ben¬ 
zene  ring  absorbs  energy  due  to  resonance  within  the  ring  structure.  Other  resonntin •; 
structures,  such  as  ferrocene,  are  being  examined  to  determine  which  structures  may 
be  used  to  reduce  the  effect  of  radiation.  No  published  information  is  available  on  this 
work  at  the  present  time. 

Certain  organic  groups  are  known  to  be  more  stable  than  others,  and  the  following 
general  rules  lay  the  ground  work  for  formulations  of  radiation- resistant  species.  (6) 

(1)  Aromatics  are  more  stable  than  aliphatics  because  of  the  resonance 
energy  and  greater  bond  strength  of  the  aromatics.  The  greater  the 
resonance  energy,  the  greater  the  stability.  In  order  of  decreasing 
stability  are  anthracene,  naphthalene,  benzene,  and  aliphatics. 

(2)  Substituted  aromatics  arc  more  resistant  than  nonsubstituted  aromatics. 

A  side  group  acts  as  a  point  of  entry  for  energy  to  enter  the  ring  and  be 
dissipated.  In  order  of  decreasing  stability  arc  ortho,  para,  and  m  ta 
substituted  groups. 

(3)  Basic  compounds  are  more  stanlc  than  acid  compounds  because  the 
bonds  of  the  COOH  group  arc  relatively  weak. 
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1  I 


The  repeating  unit  in 
tile  structural  formula 
of  polystyrene,  which 
Is  the  nio>t  stable  of 
the  unfilled  polymers 
tested. 


The  repeating  unit  of 
aniline  formaldehyde 
polymer.  As  for 
polystyrene,  stability 
Is  attributed  to  the 
bulky  benzene-ting- 
contalning  side  groups. 


V  ? 

—  C  w  C  — 


Present  in  many  elasto¬ 
mers:  since  the  stability 
oi  elastomers  appears  to 
be  insensitive  to  the 
amount  of  unsaturation, 
this  group  Is  ranked  with 
next  group, 


The  repeating  unit  of 
polyethylene. 


Present  In  nylon,  which 
shows  die  sanui  order  of 
stability  as  polyethylene. 


The  repeating  unit  of 
silicone  rubber,  which 
shows  die  same  uidci 
of  liability  at  most 
other  eUstunn  rl. 


OH  H 

<5-i- 

M 

The,  repeating  unit  of 
phenol  foimaldehyde 
pulymer.  Presence  of 
benzene  ring  In  main 
chain  is  thought  to  in¬ 
crease  cleavage,  since 
unfilled  phenolic  crum¬ 
bles  for  expinntcs  that 
do  not  decrease  itiengili 
of  polyethylene  (this 
contrasts  with  effect  of 
benzene  ring  In  polysty¬ 
rene,  In  which  It  is  In 
a  side  gmup), 


H 

—  i  -  0  ~ 

M 

Also  taken  to  be  less 
stable  than  polyethyl¬ 
ene.  Polyallyl 
tliglyool  carbonate, 
polyvinyl  formal,  and 
polyvinyl  butyral  are 
softened.  Sclr.cirun- 
110,'iH  is  hardened:  how¬ 
ever,  this  plastic  ts 
Initially  very  ion  and 
shows  a  Itlgh  rate  of 
crniillnking. 


I 

H 

Present  In  Tltiokol,  for 
which  a  balancing  of 
cleavage  against  cross  ¬ 
link  ing  causes  small 
hardness  change,  but 
decreases  the  ultimate 
strengiJt, 


Present  tn  Dacron.  The 
predominant  radiation 
change  Is  embrittlement. 


Present  In  polyvinyl 
chloride,  liuplanl- 
clzcd  polyvinyl 
chloride  is  softened 
by  cleavage,  though 
highly  plasticized 
forms  arc  hardened. 


The  repeating  unit  of 
cellulose,  tupid  em¬ 
brittlement  of  celluloslc 
plastics  shows  that  tills 
structure  Is  sensitive  to 
chain  cleavage. 


The  repeating  unit  of 
Teflon  and  fluorothenc, 
which  become  brittle 
and  crumble  apart  at 
relatively  rhort  expo¬ 
sure.  Resistance  to 
cleavage  ts  poor. 


Thu  repeating  unit  In 
polymers  with  quarter- 
nary  carbon  atoms: 
polymethyl  methac¬ 
rylate,  butyl  rubber, 
and  pojyalphamcthyl 
styrene. 


FIGURE  b. 


POLYMER  GROUPS  RANKED  IN  ORDER  OF  STABILITY  AGAINST 
CLEAVAGE^} 
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(4)  In  order  of  decreasing  stability  are  alkanes,  ethers,  alcohols,  esters, 
and  ketones.  These  relations  may  be  due  to  relative  electronegativity 
and  relative  bond  strengths. 

(5)  Saturated  aliphatic  structures  are  more  stable  than  unsaturated  ali¬ 
phatic  structures.  Compounds  with  terminal  unsaturation  are  less 
stable  than  compounds  with  interior  unsaturation. 

(6)  Small  molecules  are  more  stable  than  large  molecules.  Smaller 
volume  per  molecule  means  less  absorption  per  molecule. 

(7)  Nonbranched  chains  are  more  stable  than  branched  chains.  There  is 
a  greater  possibility  of  crosslinking  in  branched  chains. 

(8)  Trans- isomers  are  more  stable  than  cis- isomers  and  equatorial 
groups  are  more  stable  than  axial  groups.  Steric  hindrance  of  axial 
groups  promotes  instability. 


ESTIMATE  OF  LIFE  EXPECTANCY  OF  POLYMERIC  MATERIALS 


At  present,  there  are  only  limited  data  available  which  correlate  laboratory  tests 
and  service  life  of  a  polymeric  material  at  different  radiation  doses.  However,  on  the 
basis  of  the  rate  of  change  of  the  polymer  on  exposure  to  radiation,  it  is  possible  to  esti¬ 
mate  life  expectancy  to  some  degree. 

Using  an  assumed  radiation  field  in  which  the  materials  would  absorb  energy  at  a 
rate  of  10?  ergs  g“ 1  hr* l,  the  life  expectancy  of  several  elastomers  was  calculated. 
Tables  4  and  5  indicate  the  number  of  hours  at  which  elastomers  and  plastics  are  dam¬ 
aged  to  threshold,  25  per  cent,  and  50  per  cent  values.  It  was  obtained  by  dividing  the 
doses  necessary  for  these  degrees  of  damage  by  n7  ergs  g"  1  hr-  1  (C).  The  tables  are 
only  indicative  of  the  relative  service  life  of  materials  and  cannot  be  interpreted  as 
actual  service  life. 

“niere  are  a  great  many  variables  affecting  the  service  life  of  a  material  while 
under  irradiation.  The  cure,  filler,  and  other  compounding  ingredients  will  have  some 
effect,  and  the  environment  to  which  the  material  is  subjected  will  also  determine,  to 
some  extent,  its  service  life.  Therefore,  tests  -under  actual  service-life  conditions  are 
necessary  before  an  estimate  of  life  expectancy  can  be  made  with  any  degree  of  accuracy. 


THE  EFFECTS  OF  RADIATION  IN  COMBINED  ENVIRONMENTS 


The  majority  of  the  work  to  date  on  the  effects  of  radiation  on  polymeric  compounds 
has  been  under  normal  environmental  conditions,  i.  e.  ,  in  air  and  at  ambient  tempera¬ 
ture.  However,  there  is  a  steadily  increasing  number  of  reports  on  the  effects  of  radia¬ 
tion  on  compositions  <1)  at  elevatea  .»rr.perature,  (2)  in  vacuum,  (3)  or  immersion  in 
liquids  or  gases,  and  (4)  in  combinations  of  these  environments.  These  data  arc  sum¬ 
marized  below. 


?.  1 


r\m.K  <i.  hours  to  hiusi’uo:  dama-.k  to  ki.astomtrs  in  a  kiei.d  in  which 
MATKRIAl.S  AlkjORP.  HI7  ERT.SC.’1  UK'11''1 


- - - — -  -  •  - - 

Absorbed  Total  Dose  to 

Produr* 

Hoorn  to  1 

Produce  Ind  rated  Damage  to 

D;im.iu<\  fi*a  8_l 

(C) 

Elastomer  ft 

Threshold 

25  Per  Cent 

*30  Per  Cent 

Th  rcshold 

25  Per  Cent 

‘ill  Per  Cent 

Property  and  Original  Value 

Damage 

Da  mage 

Damage 

Damage 

Dam  a;1,  * 

Damage 

Natural 

Rubber 

Tensile  strength 

/..Ax 

1 . 9  x  10!0* 

.1  X  !  0 1  0  • 

220 

1400 

3000 

(2,  600  py») 

Elongation 

6.  8  x  10#  t 

9.9  x  ID9  * 

1 . 2  x  )010  * 

6fl 

45b 

1200 

(420  per  cent) 

Sot  At  break 

9. 5  x  10#  1 

i.  t  x  Id9  * 

6.8  x  !09  * 

45 

230 

680 

\  M  per  cent) 
Compression  set 

1 .11  x  10#  ) 

5  x  10*'  1 

,0io  t 

)R 

500 

1000 

(13  per  cent) 

St  rain  at  400  Ib/in,  ^ 

<1.1  x  l()#<i 

9,  1  x  109  1 

3  x  10i0  » 

91 

910 

3000 

(30  per  cent) 

Shore  hardness*'  * 

8.  9  x  10# 

9.  2  x  109 

4.6  x  109 

84 

220 

450 

ill  =  60)  1 

(H  •■)  65)  l 

(II  a  70)  7 

Butyl  Rubber  (OR-1  SO) 

Tensile  strength 

6.9  x  10#  I 

2.  1  x  109  1 

J,  8  X  11)9  ) 

64 

210 

330 

(1,  100  p«t) 

Elongation 

6.4  x  1 0®o  or 

)  6  x  109  1 

„„ 

64 

500 

(925  per  cent) 

2.2  m  108  t 

Sat  it  break 

6, 9  x  I0B  1 

1 . 6  x  1 09  * 

22 

64 

150 

(35  per  cent) 
Compression  set 

1,6k  10#  • 

3.6  x  108  t 

9. 9  x  II)8  * 

IB 

36 

99 

(72  per  cent) 

9.  1  x  10#  t 

3.2  X  ID9  t 

Strain  at  400  lb/ in. 

2.  2x10*  1 

91 

220 

320 

(M  p*r  cent) 

Shore  hardness 

2.  1  x  )09<> 

1.  2  x  I09 

3.9  x  IP9 

2)0 

390 

KJ 

(11  »  66) 

(11  •  6l)  1 

(II  »  66)  1 

Nilrtlo  Rubber  (My car  OK “15) 

Tensile  strength 

2,7  x  tO1’  1 

1.9  x  I0>‘" 

2.9  x  III10  1 

270 

1  900 

5  300 

(1,'IOU  ynii) 

1.9)'  1  ()"  1 

(90V.) 

Elongation 

2,1  x  :  •>#  1 

9.8  x  Id9  1 

«u 

190 

9  Ml) 

(240  per  t  ent ) 

.Set  at  break 

■  - 

- 

7.  1  x  10"  * 

... 

-- 

7  1 

( i  per  cent) 

Coinpl'rmilf'M  set 

1  .  9  X  1  0#  1 

ft,  4  54  *  ) 

1.9  x  1 0*'  * 

19 

64 

140 

(9.  4  per  rnnl) 

St  r a' n  at  400  lb/ In.  ^ 

1,  2  i.  Ill11  * 

2.7  x  ID'1  ‘ 

I  x  II)9  * 

320 

270 

7  10 

(25  per  cent) 

Shore  hardness 

7  x  It)7 

2  x  109 

9  x  II)9 

7 

200 

400 

III  -  / 2)  ' 

(II  -7 )')  1 

(M  *  H/.)  t 

Pniy.n  rylli  Uubbur  (llyt  a»  PA-21) 

Tensile  strength 

4.1  x  i 0U * 

9 .9x1  0'7  * 

1 ,  1  x  1  0 1  9  t 

Hi 

5  HO 

i  too 

(2,  000  |>.l) 

2 .  ')  x  1  (1#  1 

1,  1  x  lO1!  1 

Khnig.it  inn 

I  .  6  x  I01’  1 

29 

I6u 

tto 

(2  )ft  per  i  enl ) 

Set  at  break 

9.  1  x  1  D1  * 

1  x  .9#  1 

6.7  x  Id#  1 

9.  1 

JO 

67 

(10  per  rent) 
Compression  set 

1  .  8  x  III#  1 

1  .  1  x  1  <•"  1 

6.9  X  II)9  1 

1H 

no 

1  Hh 

(4  |>e  r  i  nit) 

■1.  9.x  1  <1#  1 

St  rain  at  **00  lb/  m.  ** 

1.  2  X  1  O'*  1 

2.  I  x  1 1)1  9  1 

45 

320 

,!  1  00 

(  15  per  rent) 

Shore  ha  nine  hh 

•1,7  x  11)7 

1.  ■)  x  1  <)M 

1.2  x  1  0 1  n 

4.  7 

JO 

1200 

III  -  62)  ‘ 

III  =  67)  1 

<11  72)  '■ 
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TABLE  4.  (Continued) 


Absorbed  Total  Dose  to  Produce 

Hours  to  Produce  Indicated  Damage  to 

Damage,  ergs  g' 

<9 

Elastomers 

Threshold 

25  Per  Cent 

50  Per  Cent 

Threshold 

25  Per  Cent 

50  Per  Cent 

Property  and  Original  Value 

Damage 

Damage 

Damage 

Damage 

Damage 

Damage 

Poly  chlorop  rent 

Rubber  (Neoprene  W) 

Tensile  strength 

109 

6.6  a  109  > 

1.6  a  1010  i 

100 

660 

1600 

(2,900  pel) 

Elongation 

4.1  a  10*  t 

1.8  a  109  * 

4.1  a  109  1 

41 

180 

410 

(450  par  cant) 

Set  at  break 

1.6  a  109* 

1.2  a  1O9  * 

4.1  a  109  » 

160 

320 

410 

(6  per  cent) 

1.6  a  10*o 

Compression  set 

5  a  10*  i 

1. 3  x  I09  » 

IS 

50 

130 

(9  per  cent) 

Strain  at  400  ib/ln, 2 

6.4  a  10* > 

3.6  a  109  i 

7, 3  x  109  » 

64 

360 

730 

(31  per  cent) 

4. 1  a  109 

1.4  x  1010 

Shore  hardness 

9.1  a  109 

410 

910 

1400 

(H  a  76)  o 

(H  a  *3)  ♦ 

(H  -  88)  1 

Polysulflds  Rubber  (Thlohol  ST) 

Tensile  strength 

4.5  a  107  * 

S.2  x  109  * 

2.3  x  I010  < 

41 

820 

23CO 

(000  psi) 

Elongation 

4.5  a  107  * 

4. 1x10*  i 

5. 5  r,  )09  < 

4.5 

41 

1000 

(162  per  cent) 

Set  at  break 

4.5  a  107  i 

1.4  a  10*  * 

1.6  xIO9  * 

4.5 

34 

160 

(3  per  ceat) 

6.0  a  107  * 

2.3  x  10*  t 

Compression  set 

1.4  a  10*  » 

4.5 

14 

23 

(9  per  ceat) 

Strain  at  400  Ib/in.  * 

4.5  a  10** 

S.  5  a  109  t 

1.1  x  10*0  t 

45 

850 

1100 

(26  per  cent) 

Shore  hardness 

2.9  a  10? 

9.  1  a  10* 

4.5  x  I0»® 

2.4 

240 

4500 

(H  >  74)  t 

(H  n  79)  t 

4 

(Ho  69)  t 

Silicone  Rubber  (Silastic  7-170) 

Tensile  strength 

1.2  a  10* » 

4.9  a  109  * 

1.5  x  I0>0  1 

12 

490 

1500 

(520  pel) 

Elongation 

1.4  a  10** 

6.8  a  10*  * 

1.6  x  I09  * 

14 

68 

160 

(95  per  cent) 

Set  at  break 

•  • 

mm 

•ns 

•  . 

mm 

Compression  set 

1.2  a  10*  » 

3.8  a  10*  » 

9.1  x  10*  » 

12 

38 

91 

(1.4  per  cent) 

Strain  at  400  Ib/in. 2 

1.6  a  10*  » 

1.2  a  I09  » 

3.2  xIO9  * 

16 

120 

320 

(1.4  per  cent) 

Shore  hardness 

1.2  a  10* 

4.2  a  10* 

8  a  10* 

12 

42 

66 

(H  e  59)  » 

<H  -  64)  » 

(He  69)  t 

Styrene -Butadiene  Rubber  I  (SB  It)  (CR-S 

50)1 

Tensile  strength 

5  a  109o 

2.7  a  10>°» 

4.8  a  )0*°  ♦ 

500 

2700 

4800 

(l,  700  psi) 

Elongation 

1,6a  10*  ‘ 

1.2  a  109  » 

4.5  a  109  * 

16 

120 

450 

(270  per  cent) 

Set  at  break 

1.8  a  10*  * 

1.2  a  109  i 

4.5  a  109  i 

18 

120 

450 

(5  per  cent) 

Compression  set 

1.6  a  10*  » 

1.2  x  109  * 

5.5  a  109  » 

18 

120 

550 

(4.7  per  cent) 

1.8  a  I0B  » 

1.5  a  109  i 

Strain  at  400  Ib/ln. 

6.8  x  I09 

18 

150 

680 

(nH  prr  cent) 

Shore  luriiiirm 

4. i  x  107 

7x10* 

1.4  a  I0»° 

4.5 

100 

1400 

(H  -  62)  f 

<11  -  67)  t 

(H  ■  72)  * 

(.1)  The  hour*  .>r«  calculated  by  dividing  the  total  do»e  to  produce  damage  by  the  energy-absorption  rate  ((lO?  or((„  g-l  j,r-l  (C)| 
Ilnurs  tor  other  r.iJi.ilion  rate*  c  m  be  similarly  calculated.  These  values  arc  rcl.il ive  only,  .ind  ,iru  not  intended  for 
ime  tor  service -life  estimates.  ~ 


( W  The  symbol*  beside  the  dose  values  indicate  whether  the  value  is  increasing  (11,  decreasing  ()),  or  not  changing  (o) 

(<■>  Duses  for  Shore  hardness  are  noted  for  the  values  given  rather  than  for  threshold,  25  per  cent,  and  50  per  rent  damage 


TABU:  5.  HOUKS  TO  PRODUCE  DAMAGE  TO  PLASTICS  IN  A  FIELD 
IN  WHICH  MATERIALS  ABSORB  107  ERGS  G*  *  HR* 


Absorbed  Tots!  Dose  to  Produce  Hour*  to  Produce  Indicated 


Daman,  «r«»  g**(C)  Pamela  to  Plaetlca 


Material  and  Original 
Property  Value 

Threshold 

Damage 

IS  Per  Cent 

Damage 

SO  Per  Cent 

Damage 

Threshold 

Damage 

2S  Per  Cent  50  Per  Cent 

Damage  Damage 

Methyl  Methacrylate  (Lucite) 

Acrylics 

7.  5  x  107  ib,109  1 

2  x  10’  l 

Ten  a  lie  atrength 
<10,700  pel) 

7.5 

100 

200 

Elongation 

(4.  S  per  cent) 

7.5  x  107  1 

10’  1 

2  x  10’  1 

7.5 

100 

200 

Elaetic  modulus 
<4,  S  x  10*  p«i) 

1.4  x  10’  4 

S  x  10’  ( 

(1295  damage) 

’  * 

140 

500 

-* 

Shear  atrength 
(6,700  pal) 

io’» 

4x10’  i 

6. 2  x  lb’  1 

100 

400 

620 

Impact  strength 

(0.  17  ft-lb/in.  ot  notch) 

Aniline  Formaldehyde  (Cibanito) 

lo’l 

4  x  10’  i 

Amino  Resins 

6.  2  x  10’  * 

100 

400 

620 

Tensile  strength 
<9,400  pal) 

9. 1  x  10’  1 

2.4  x  10**1 

J.6x  10**1 

910 

24,000 

36,000 

Elongation 

(1.0  per  cant) 

9. 1  x  10’  ( 

2.4  x  10**1 

3.6  x  I0**» 

910 

24,000 

36,000 

Elastic  modulue 
(6.0  a  10*  pal) 

4.1s  I0**o 

•  as 

— 

42,000 

-* 

-- 

Shear  atrength 
(9,700  pal) 

9. 1  x  lO’  i 

2.4  x  10* * i 

3.6  x  10**1 

910 

24,000 

36,000 

Impact  strength 

(0,  20  ft-lb/in.  of  notoh) 

Melamine  Formaldehyde  (Melmac)- 
CeUuloeo  FiUer 

6.7  x  107  4 

1.  Jx  10’  4 

1.  2  x  10*®4 

6.7 

1)0 

1,200 

Teneile  atrength 
(9,000  pel) 

6.7  n  10*  i 

6.6  x  10*  * 

1.6  x  !0>°  1 

67 

660 

1,600 

Elongation 

(0, 69  per  cent) 

6.7  x  10*  * 

6.6  x  10’  4 

1.6  n  10*°  » 

67 

660 

1,600 

Elastic  modulue 
(14  »  10*  pel) 

I0*°i 

1.  Jx  10* *4 

-  * 

l.O-'O 

13,000 

-- 

Shear  strength 
(10,000  poi) 

6. 7  x  I0« J 

J.  4  x  I0***1 

4.  lx  10*°* 

67 

3,900 

9,100 

Impact  strength 

(0.  >0  ft-lb/in.  ot  notch) 

Urea  Formaldehyde  (Plaskcn  Urea)* 
Cellulose  Pulp  Pigment 

4. 1  x  10*«i 

2.2x10*** 

2.5  x  10*'  1 

9,100 

22,000 

25,000 

Tensile  atrength 
(7,000  pel) 

7. 5  x  10s  1 

J  x  10’  I 

7.  J  x  10*  1 

75 

460 

730 

Elongation 

(0.  5  per  cent) 

7.5  x  10**  * 

J  x  10’  1 

7.  3  x  10’  * 

75 

460 

730 

Elastic  modulus 
(14  x  10S  psi) 

3.2x  10’  i 

2.7  x  I0*°1 
(10%  damage) 

•" 

320 

2,700 

(10%  damage) 

Shear  strength 
(10,000  psi) 

7.5  x  10*  » 

J  x  10’  j 

7. 3  x  !0’  1 

75 

460 

730 

Impact  atrength 

(0.  10  ft-lb/in.  ol  notch) 

1.  2  x  lo’  * 

5.  S  x  10*°i 

1.2s  10*°1 

320 

s.too 

0,200 

24 


TABLE  5.  (Continued) 


Absorbed  Total  Dose  to  Produce  Hour*  to  Produce  Indicated 

Damage,  ergs  g~*(G) _  _ Damage  to  Plastics 


Material  and  Original 

Threshold  25  Per  Cent 

50  Per  Cent 

Threshold 

25  Per  Cent 

50  Per  Cent 

Property  Value 

Damage  Dimage 

Damage 

Damage 

Damage 

Damage 

Furanc  Resins 

Furnne  Renin  (Duration)* 

Anbentob  and  Carbon* 

Black  Filler 

3  x  10*®  o  3  x  10**  o 

Tunaile  strength 

*• 

3,000 

30,000 

-- 

<2,200  pai) 

Elongation 

3  x  10*®  o  3  x  10*  *  o 

*. 

3,000 

30,000 

-- 

(0.  39  per  cent) 

Eiaatic  modulus 

3  x  10*0  o  3  x  10**  o 

.. 

3,000 

30,000 

-- 

(8  x  10s  pai) 

]•  -  pact  strength 

3  x  10*°  o  3  x  10**  o 

•  • 

3,000 

30,000 

-- 

(0.  31  ft-lb/in,  of  notch) 

Phenolic  a 

Phenol  Formaldehyde  (Haveg  41)- 

Asbestos  Filler 

3.S  x  10*° o  3.5  x  10**o 

Tensile  strength 

*• 

3,500 

35,000 

-- 

(3,300  pai) 

Elongation 

3,  5  x  10*°o  3. 5  x  10**o 

-• 

3,300 

33,000 

.. 

(0.  5  per  cent) 

Elastic  modulus 

3.3  x  lO*®  o  },  5  x  10**o 

.. 

3,300 

33,000 

•• 

(10  x  10s  psi) 

Impact  streng.h 

3.3  x  id® o  3.  5  x  10**  o 

-• 

3,300 

35,000 

-• 

(0.  31  ft-lb/in.  of  notch) 

Polyesters 

Polyester  (Plaakon  Alkyd)- 

Mineral  Flllf  - 

7.9  x  109  l  3,5  x  10“  « 

Tensile  rength 

790 

15,000 

-- 

(4,700  psi) 

Elongation 

7.9  x  W9  »  3.  5  x  10**  * 

-- 

790 

33,000 

-- 

(0.  17  per  cent) 

Elastic  modulus 

7.9  x  109  •  3.5  x  10**  1 

-- 

790 

33,000 

ss  . 

(12  x  10s  psi) 

Shear  atrength 

7.9  x  109  1  3.5  x  10**  » 

.* 

790 

35,000 

-  . 

(7,000  psi) 

Impact  strength 

7.9  x  I09  1  3.5  x  10**  1 

-- 

790 

35.000 

-- 

(0.  J9  ft-lb/in.  of  notch) 

Styrene  Polymer*  and  Copolymer  a 


Polystyrene  (Styron  411 -C)- White 

Pigment  Filler 

7.  1  x  10*°  o 

1.6  x  10“  o 

Tensile  strength 

7,100 

16,000 

-- 

(4.400  psi) 

Elongation 

7.  1  x  10*®  o 

1,6  x  10**  o 

7,100 

36,000 

•  • 

(1.0  per  cent) 

7.  J  x  10*® o 

i.  6xl0**o 

Elastic  modulus 

7,300 

16,000 

-- 

(4.8  x  10*  psi) 

Sh<’Ar  strength 

7.Jx  I0*°o 

3.  6  x  10** «» 

-  . 

7,300 

16,300 

•  . 

(5.500  p»i) 

ImpAi’t  strength 

7.  i  x  jo*®.. 

3.  6  x  10*  *  o 

*  - 

7,100 

16,000 

-- 

(0.  dli  It- III /in.  of  notch) 
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TABLE  5,  {Continued} 

Absorbed  Total  Dose  to  Produce  Hour  u  to  Produce  Indicated 

Damage,  ergsg'Mc)  _ _ _  Damage  to  Plastics 


Material  and  Original 

Property  valua 

Threshold 

Damage 

2f*  Per  Cent 
Damage 

SC*  Pr.r  Cent 
Damage 

Thrc  shold 
Damage 

25  Per  Cent 
Damage 

50  Per  Cent 
Damage 

Cellulose  Acetate  Butyrate  (Tenite  il) 

Cellule  sic  a 

Tensile  strength 
(4 ,  200  pal) 

1.6  x  10s  t 

2.  3  x  109  1 

3.  3  x  109  * 

16 

230 

3  30 

Elongation 

(60  per  cent} 

1.6  x  10s  i 

2.  3  x  ID9  1 

i.  :*.  x  io9  i 

16 

2  30 

330 

Elastic  modulus 
{1.6  u  105  pst) 

3.  4  x  10  1  1 

3.  2  x  109  | 

<20%  damage) 

"  ’ 

3.  4 

320 

bhsar  etiength 
(4,000  pal} 

1.  6  x  10s  * 

t. )  x  in9  * 

3.  3  x  109  1 

16 

230 

3  JO 

Impact  strength 

{3.  3  It-  lb  /in,  of  notch} 

Polyethylene  (Polythene) 

6.  8  x  107  * 

Etj 

6.  6  n  108  * 

iylens  Polymsrs 

1.  9  x  109  1 

6.6 

66 

1  M0 

Tensile  strength 

0  ,400  pel) 

1.7  x  IQ9  4 

7.  3  x  I01  ll 

"  " 

170 

73,000 

"■ 

Elongation 

(290  per  cent) 

2.  1  x  10*  • 

#.  »  x  109  1 

1,6  A  1 U 1 0  1 

210 

H‘>0 

1  ,600 

Elastic  modulus 
(0.  30  X  10*  y.l) 

3.6  x  I0*°l 

1.  3  x  10**1 

1,  »  x  101 1  t 

3,600 

13,000 

111,000 

Shear  strength 
(1,400  psi) 

1,7  x  I0?  * 

9. 1  x  109  1 

2.  V  x  IO10  , 

170 

910 

2,900 

Impact  strength 

(11,2  ((  •  lb /lit.  of  notch) 

Monodilurotr  ifluorosthyleita 
( Fluor  otheh**) 

2,  1  x  10'  *  8,9  x  10*  1 

V 1 ujor  os  thy  1  im  n  P  nlyyi  .er 

1,6  x  IO1"  1 

s 

210 

MO 

1 , 600 

Tensile  strength 
(4 , 900  psi) 

1.6  x  10'  1 

M  2  X  10*  1 

1.  1  x  10*"  1 

360 

8/0 

1  ,100 

Elongation 

(90  per  cent) 

3.  6  x  10**  1 

l.»  X  IO9  1 

6,  1  «  109  » 

12 

IH0 

416 

Elastic  modulus 
(1,9  X  10*  psi) 

1.  t  x  IO8  f 

1.3  x  IUl0| 

'  “ 

12 

1,400 

.Shear  strength 
(5,  JU0  psi) 

1.  2  x  10"  t 

l.S  x  I0*°t 

2  x  JO*"  1 

n 

1,500 

2,000 

Imput  .  strengtli 

1 1,  V  ft-lb/ln,  of  notch) 

Poly  tv  t  r  afl  nor  oe  th  yl  one  (Teflon) 

3.  6  »  IU*  1 

l.ll  IO9  * 

4.  I  x  I09  1 

12 

180 

410 

Tensile  strength 
(3.400  pel) 

2.  1  x  IQ6  1 

1. r.  x  io"  1 

1.  2  x  IO7  1 

9  1  x  107  1 

0, 2 

1.  2 

9 

Elongation 

Ul»C  per  relit) 

3.  4  x  10^  i 

2,  3  X  109  * 

(20% 'damage) 

7.  3  x  lO^  1 

0.  15 

0. 3 

0.  6 

Elastic  modulus 
j  1.  0  x  10*  pal) 

t.  H  x  10'  f 

1.3x10*  1 

1.8 

/U> 

Shuar  strength 
(2.8  IU  p  ' 

I.lx  1U7  1 

4  x  I07  i 

1.8 

4 

15 

Impact  strength 

(  i,  J  ft -lh /in.  ul  notch) 

i. a  «  io7  t 

3,  (>  x  107  | 

6  x  10'  ( 

1.8 

3.  6 

6 
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{(  -tMJlllHh'il) 


A lixorhed  Total  Dour  to  Proclm  r 

Hou  r  m 

t»»  Prodm  r 

Imlii  nted 

D. 

(image  ,  ri  ga  g  -  1  (T) 

I>am  IRC  tn  Plastics 

K1  t ** r i .1 1  »*u«J  Origin, 'il 

Threshold 

,t*>  Per  Cent  SO  Pc r  Kent 

Threshold 

dS  Per  c:. 

•lit  “'()  Per  (  .1 

Propr rli  V.ilui* 

DnmftRi- 

Damage  Damage 

l)a  ni.if'c 

Dariajp 

i).‘i  tnORi 

I  'nlyV'Oiyl  (i.i rl. .« />.(>!«*  (PolectP'Ol) 

1  ii  »i  i  f  «■  '.tri'it^lh 

Vinyl  Polymer*  .ml  u»r  r* 

8  x  ICV  ..  4  x  10*  1  i. 

two 

40  ,000 

(1  ,  K00 
i-.lnii(:,ilioii 

<1 

H  x  10  o 

1  x  10* 1  <1 

-H00 

40,Ul»0 

(0,  li1  jirl'  i  rnl.) 

KI.IT.tii  lllndulllft 

H  x  ID*  o 

4  x  1C*  1  .. 

H()() 

40.1)00 

H  x  |0S  pM) 

..lo'.iv  .‘t  i' ci if; til 

h  luv  <> 

8  x  III1  1  .. 

HOD 

40 ,000 

1  I.S00  pal) 

Ilnp.u  1  i.tri'ORth 

8  x  HI9  ii 

l  x  III1  1  i, 

HOC) 

40,000 

(0,  I  *.»  it  Hi  /in,  of  noli  h) 

J’nJyelnyl  Khlnriil'*  <J04(i) 

'1 rin».|.-  ••tri'iiHlIi 

4.  1  x  III10  1 

1.7  «  III11  1  .',7  x  III11  1 

•1.1 00 

17.000 

,'.7,000 

(.;,nou  pd) 

1'.  Imifj.it  mu 

1.7  x  III9  1 

IU,U|  1.  .*  X  IU1(I  1 

170 

1  ,  000 

t . ,!()() 

(  UO  pi  r  1  rut) 

Vinyl  Vinyliih'in*  Kilim  »il«*  (,'iiiMn) 
Ti'iimli1  ktri'iifitli 

<i.  4  x  I0H  1 

1.  1,  X  III111  1  H,  t,  x  Id  1(1  1 

(.4 

1  .<.00 

H  ,  ,!00 

(1.71)0  j»"i) 

1  •  Inilff.i  t  inti 

1.7  x  111"  1 

4.  1  X  ID9  1  Mix  III10  1 

1? 

410 

1  , 000 

(.'.00  per  1  rill) 

1  Itntt.  in i»clu| ti 
(li,  hS  x  10*  |i«i) 

Mn  .ip  "ti*  iifltli 

li,  8  x  III*  1 

7,  1  x  Id11’  1  1.4  x  III1 1  | 

M 

7,  100 

H  ,000 

•1.  1  x  ID9  1 

x  III1"  1  1 ,  x  IU1 1  1 

III) 

•) .  SOI) 

1 ,!  ,000 

(  ,  •* ll l>  p'.l) 

Imp. n  l  Mi'ciiptli 

1,7  x  III"  1 

•1.  i  »  iii"  i  i,  r.  x  in1"  i 

tv 

4IU 

1  ,<.00 

(  i)  linin''.  on*  <  .il«  iil.ilr«l  l»V  ilivnluij; 
linin' »'  Ini‘  ntlliT  i‘.|ih.it  I  nu  ruli'M  i 
i«*r  aitvii*  hl<*  i*  hi  mi  iii  Ire. 

Mtj  SVMilmln  In-'inlr  Ihr  *1  in-  c.ihlrn 


ill*  tnt.tl  tlnsc  In  prn.hu  «  diiniu^i-  hy  l hi*  rate  of  »•  t»«» **«y  .ihtmiptlnn  j  \{\l  crp..  jf  *{jr  *  ( i  I ) ) 
ailin'  Hiriiil.i  rly  i  -1  li  tilul<*'l.  them1  v.iltuh  <i  r  «•  relative  only*  uml  n1"  i  *»  l  imIiiuIimI  fm  nn« 

«•»•!*«  .»!«•  v.helhrr  li  t*  value  i n  .in  rc.miiin  { t  ) .  ih'i  r  ■*  m I  ttf*  (  I ) »  »*»  iml  i  h.i<ij;nip,  (n). 


Til 


Elevated  Temporal 


Studies  have  shown  that  for  a  particular  polymer  system,  the  more  heat-resistant 
materials  are  more  resistant  to  degradation  from  nuclear  radiation.  Also,  with  some 
heat-resistant  materials,  radiation  damage  is  similar  regardless  of  exposure  tempera¬ 
ture  For  example,  it  has  been  reported  that  there  were  no  observed  differences  in  de¬ 
terioration  of  Teflon,  Kel-F,  and  a  polydimethyl  siloxane  when  irradiated  from  101  to 
313  F.  (7) 

On  irradiation  at  300  F,  the  fluorine- containing  rubbers,  Viton  A-VH  and  Silastic 
LS-53,  liberated  a  corrosive  chemical,  probably  hydrofluoric  acid,  For  this  reason, 
fluorine  rubbers  should  not  be  used  in  a  radiation  field  above  300  F  if  corrosion  is  a 
problem. 

The  curing  system  an  '1  the  reactive  dilucnL  used  in  epoxy  resinn  have  a  large  effect 
on  the  heat  resistance  and  radiation  stability  of  the  resins.  In  general,  epoxy  resins  of 
high  heat- distortion  temperatures  arc  more  resistant  to  radiation  than  those  having 
lower  temperature  resistance.  Anhydride  curing  systems  produce  epoxy  plastics  having 
high  heat- distortion  temperatures.  In  one  such  system,  after  a  radiation  done  of 
10*0  ergo  g“  *  (C),  the  heat- distortion  temperature  decreased  from  575  F  to  approxi¬ 
mately  500  F. 

Buna-N  and  Teflon  were  tested  under  simulated  operatii  g  conditions  up  to  350  F.  ^ 
Buna-N  was  affected  loss  by  radiation  and  appeared  to  function,  satisfactorily  at  exposure 
doses  up  to  about  4  x  10®  ergs  g“  1  (C),  at  temperatures  up  u  S'A  F  and  static  pressures 
of  1,200  psig.  An  intermittent  test  (0  to  1,000  pnig)  at  350  F  inuvated  Buna-N  to  be  sat¬ 
isfactory  to  at  least  10®  ergu  g~  *  (C).  The  Teflon  material  failed  w,  lower  exposure 
doses  —  about  10®  ergr  g"  *  (C)  for  static  pressure  and  107  ergs  g‘*  '< I*  for  intermittent' 
pressure.  The  exposure  dose-failure  relationship  was  practically  ino  rvudent  ul  temper¬ 
ature  from  100  to  350  F. 

The  effects  of  simultaneous  exposure  of  both  gamma  radiation  and  elevated  tem¬ 
perature  on  glass- reinforced  plastic  laminates  have  been  investigated.  In  general,  the 
mechanical  and  electrical  properties  of  reinforced  plastic  laminates  of  various  resin 
types  were  not  adversely  affected  by  gamma  radiation  of  a  maximum  dose  of 
7.  8  x  10*®  ergs  g"*  (C),  Threshold  damage  was  icuhetl  (it  (I.  3  x  10*'  ergs  g"  *  (C),  with 
the  exception  of  a  phenolic  resin  (CTJL-  9 1  L<D)  laminate  which  retained  useful  properties 
even  after  exposure  to  this  large  radiation  dose.  KellorC*)  pointed  out  that  a  phenolic 
system  ordinarily  deteriorates  when  exposed  to  elevated  temperatures  in  the  presence  of 
air  due  to  oxidation.  Hu  suggested  that  it  is  possible  that  irradiation  inhibits  the  oxida¬ 
tion  and  that  cros si  inking  takes  place.  Thu  results  of  these  tests  are  summarized  in 
Tables  6  and  7  and  graphically  in  Figures  7,  8,  and  V, 

Commercially  available  adhesives  wore  investigated  to  determine  the  effect  of 
gamma  radiation  on  their  strength  properties,  at  both  room  and  elevated  temperatures. 

In  general,  most  of  the  adhesives  showed  a  loss  of  one-third  their  initial  strength  at 
approximately  5  x  10*®  erg<(  g"  *  <C) ,  while  one  adhesive  had  very  little  loss  in  strength 
with  an  exposure  of  nearly  10**  ergs  g“  *  (C).  Strength  degradation  occurred  earliest  in 
the  least  heat-resistant  adhesives.  A  heat-resistant  epoxy- phenolic  adhesive,  Epon  422, 
was  essentially  unaffected  by  gamma  radiation  at  all  testing  temperatures,  (*®) 
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TABLK  0.  PERCENTAGE  OF  STRENGTH  RETENTION  Of  HEAT-RESISTANT  LAMINATES  AT  VARIOUS  EXPOSURE  I.EVEUS 


Strength  Retention,  per 

cent 

Jtesin 

Exposure 

Revel,  ergs 

rl  (Q 

Tensile. 

2-1  lour 

Roll 

Compress  iv 
2  Hour  Boil 

Plcxure, 
c.  2 -Hour 

Boll 

Cnmpjvssl  v*»  , 
1/2  Hour  At 
f.00  i; 

Flexure, 

1/2  Hour  ai 
000  F 

TAC -Polyester 

8.3  x  1010 

100 

70 

100 

86 

73 

TAC-polyester 

2.4!)  x  10J1 

100 

7l> 

8G 

18 

52 

TAC-polycstcr 

8.3  x  10 11 

Txt 

S3 

48 

21 

50 

Phenolic 

8.3  x  10l0 

100 

100+ 

100+ 

lft0+ 

100+ 

Phenolic 

2.40  x  1011 

OS 

lo0+ 

100+ 

loo: 

100+ 

Phenolic 

8.3  X  10u 

1004 

1C0+ 

100+ 

«*j5 

100+ 

Silicone 

0.3  X  1010 

100+ 

100+ 

PO 

100+ 

100+ 

Silicone 

2.40  X  1011 

100+ 

71) 

37 

10U 

100+ 

Silicone 

8.3  X  1011 

1G 

Too  ply  able  to  test  7 

05 

100+ 

Ileal -resistant 

8.3  x  1010 

100+ 

100+ 

100+ 

75 

04 

cj>o  xy 

Heat -resistant 

2.40  X  10  “ 

100+ 

4(1 

70 

47 

43 

epoxy 

Heat -resistant 

8.3  X  10“ 

1)7 

12 

27 

25 

32 

epoxy 

TABLE  7.  MECHANICAL  PK0PEHT1ES  OF  GLASS  FABRIC -REINFORCED  FLAUTIC 
LAMINATES  AFTER  IRRADIATION  AT  ELEVATED  TEMPER ATURif(»> 


Material 

Tell 

Radiation, 
loo  erg* 
k"1  (C) 

Veiiipciuture, 

F 

Exposure 

Time, 

In 

Ultimate 

striMigfli. 

pit 

Flexural 
Modulus 
Ml'1  |Hi 

SltlUUlIC 

Flexure 

None 

Room 

Nunc 

31,700 

3,00 

8.3 

Ihmlii 

200 

31,400 

2,  04 

None 

SOU 

50 

12,300 

1,00 

2. 1 

SOU 

50 

'  3,(121) 

2.1) 

Nunc 

SOI) 

100 

10,410 

2.0 

4.  IS 

/.  no 

100 

11,720 

2.0 

Nano 

600 

200 

14,0(10 

2,0 

8.3 

(lOO 

200 

II,  MOO 

1.0 

IF  it  "resistant 

Compieulou 

Nuiiu 

Room 

None 

18,080 

epoxy 

H.3 

Ropm 

200 

40,000 

None 

SOD 

50 

3,705 

2,  1 

SOU 

50 

3,700 

None 

SOI) 

100 

4,000 

4. 1ft 

soo 

100 

5,400 

None. 

sno 

200 

4,720 

8.3 

r.nn 

200 

(1,0(10 

Phenolic 

Plcxure. 

None 

Room 

None 

34, S25 

4.  22 

8.3 

Room 

200 

84,040 

4. 35 

None 

500 

50 

27,300 

3.14 

2.  1 

500 

5U 

5S.02C 

3.40 

None 

SOO 

1  on 

17,800 

2.  02 

4. 15 

SOO 

ISO 

47,0  IS 

3.01 

Nolle 

soo 

200 

12,330 

2.  13 

8.3 

soo 

200 

1 5,  045 

2.41 

( .ii  'inn  ll.uicmu 

r.ull.tfioi*  .ii id  ti*i 

nperiitme  exposure. 

Strength  Retention  Gt  500  F,  per  cent 


FIGURE  7.  EFFECTS  OF  IRRADIATION  AT  ELEVATED  TEMPERATURE 
ON  PHENOLIC  LAMINATE 
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FIGURE  K.  EFFECTS  OF  IK 
ON  HEAT- RES  IS 


Strength  Retention  ct  500  F,  per  cent 


Exposure  Time, hr  A-s'ms 


FIGURE  9.  EFFECTS  OF  IRRADIATION  AT  ELEVATED  TEMPERATURE 
ON  SILICONE  LAMINATE 


Workers  at  IS.  I*'.  Goodrich  Company^  *)  irradiated  ni.  rile  and  neoprene  robbers  at 
158  F  and  found  that  the  effect  of  the  combin'  d  temperature  and  radiation  was  not  appreci¬ 
ably  different  from  the  effect  of  radiation  alone.  However,  it  is  expected  that,  at  higher 
temperatures,  more  rapid  deterioration  will  take  place. 


Liquids  and  Ga its 


Seals  and  gaskets  have  boon  found  to  be  more  radiation  resistant  when  immersed  in 
oil  and,  as  a  result,  seals  of  Viton  A,  silicone,  or  nitrile  rubber  are  now  believed  cap¬ 
able  of  service  tv)  an  exposure  dose  of  10*0  ergs  g“  '  (C) .  whereas,  on  the  basis  of  static 
testa  in  air,  an  exposure  dose  of  10®  ergs  g~  *  (C)  lias  been  considered  maximum. 

In  irradiation  studies  of  fluorocarbon  elastomers,  it  was  found  that  many  of  them 
behave  differently  on  irradiation  in  diestnr  fluid  than  in  air.  When  irradiated  in  air, 

Viton  A  and  Elastomer  214  begun  to  gel  soft  and  tacky  at.  6  x  10®  ergs  g~  *  (C),  but  sur¬ 
vived  1  x  10*0  ergs  g"  '  (C)  in  diester  oil  at  400  F  with  retention  of  rubber  like  proper¬ 
ties.  In  argon  gas,  however,  an  exposure  to  5  x  10®  ergs  g"  *  (C)  at  400  F  caused 

75  per  cent,  loss  of  tensile  strength  and  elongation.  At  500  T,  the  same  dose  caused  a 
complete  loss  of  useful  properties.  L  has  been  suggested  that  petroleum  (and  perhaps 
other  oils)  may  bo  a  natural  protective  agent  against  gamma  radiation  by  acting  as  a  scav¬ 
enger  for  free  radicals  or  by  providing  an  effective  medium  for  energy  transfer. 

Viton  A  O-  rings  were  irradiated  at  400  F  while  immersod  in  MLO-8200  and 
Vorsilubo  F- 50  hydraulic  fluids.  Samples  retained  most  of  their  elastomeric  proper¬ 
ties  and  sealing  uhihliou  at  8.  4  x  10®  ergs  g"  '  (C).  They  he  came  considerably  harder  but 
still  retained  their  sealing  ability  at  H.  4  v  lO1^  ergs  g*  *  (C).  Exposure  to  8.  4  x  10  10  ergs 
g"  *  (C)  caused  the  O  rings  to  become  very  bard  and  brittle  and  to  lose  their  sealing  abil¬ 
ity.  Those  irradiated  in  MLO-8200  sealed  bolter  u  Jur  all  test  conditions  than  those 
Irradiated  in  Vers llubt:  F-50, 

Viton  A  O- rings  were  irradiated  at  5  x  10^  ergs  g“  1  (C)  while  immersed  in  Orouito 
8/00  hydraulic  fluid  at  a  temperature  of  200  F  and  pressures  up  to  3,000  poi.  0*1)  Some 
leakage  during  thy  fiuul  stages  of  the  test  was  noted.  In  tiubuoquoin  tests  In  Oronitc  H b  1  ^ 
at,  275  F  and  1,000  psi,  similar  seals  leaked  and  did  not  perform  sutisfaetor il y  at  an 
average,  radiation  d  se  rulu  of  1.  1  x  lO?  ergs  g*  (C)  hr"'  (3  x  lO^  ergs  g"  *  (C)J,('-’) 

Viton  A,  nitrile  rubber,  neoprene,  and  a  fluorinuted  silicone  (LS-51),  were  tested 
at  temperatures  ranging  from  1V0  to  300  }■’  and  at  a  gamma  dose  of  1,  75  x  10®  ergs 
g"  '  (C).  0®)  These  were  tested  separately  In  MIL-F-7-24  fuel,  MIL-L-7B0HC  lubricant, 
and  a  high- temperature  hydraulic  fluid,  OS-45,  under  pressures  ranging  from  0  to 
1,000  psig.  There  wore  no  elastomer  failures  during  these  200-hour  lusts. 

Viton  A-asliestus  backup  rings  were  found  satisfactory  for  use  in  a.  flight- control 
system  operating  at  200  F  using  MLO-8200  hydraulic  fluid  and  at  an  exposure  dose  of 
o.  8  x  10l)  ergs  g“  1  (C).  (  l‘*> 


Neoprene  O- rings  containing  an  anlirad  suffered  10  per  cent  toss  change  in  elonga¬ 
tion  than  a  standard  compound  after  irradiation  in  air  and  in  a  pressure  vessel  containing 
Oronitc  8515  at  150  F  and  j000  psi  for  !  1  hours.  (1  0 

Commercially  available  Thiokol  seal. nits  were  irradiated  in  air  and  in  JP-4  fuel.1 1  ^ 
The  sealants  irradiated  in  fuel  showed  more  reduction  in  tensile  strength  and  elongation 
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than  those  irradiated  in  air.  Th’okol  sealants  having  a  high  filler  content  were  less  radi¬ 
ation  resistant  than  controls  when  irradiated  in  fuel.  This  decreased  resistance  with 
fillers  has  also  been  noted  in  elastomers  irradiated  in  fuel. 

Thiokol  sealants  were  irradiated  at  140  F  at  three  different  doses  while  immersed 
in  JP-4  fuel.  Under  thsae  conditions,  the  sealants  were  resistant  to  a  dose  of 
3.  5  x  10^  ergs  g~  *  (C)  but  were  unsatisfactory  at  1  x  10*0  ergs  g"  1  (C). 

Vacuum 


Very  little  information  is  available  regarding  radiation  effects  in  a  high  vacuum. 
However  some  studies  have  been  made  in  different  vacuum  applications  and  results  are 
summarized  below. 

The  vacuum- sealing  properti  .  o  of  silicones  have  been  determined  during  irradia¬ 
tion.  Tile  data  showed  that  dimethyl  ailastic  compound  retained  flexibility  and  main¬ 
tained  a  vacuum  seal  to  t  x  10*1  ergs  g"  1  (C)  even  though  its  physical  properties  were 
degraded. ( ***) 

Siiastics  160  and  181  wore  bombarded  with  deuterons  while  being  used  as  a  seal. 

The  amount  of  energy  absorbed  in  the  last  test  where  a  vacuum  Beal  held  was  2x  10**  ergs 
g"  *  (O)  for  both  materials.  The  vacuum  seal  failed  to  hold  whan  1.  I  x  10*2  ergs  g*  *  (C) 
was  absorbed  by  Silastic  160  and  when  3.7  x  10  *  *  ergs  g"  *  (C)  was  absorbed  by 
Silastic  181. 

Nylon  tiro  cords  lose  more  than  50  per  cent  of  their  original  tensile  strength  when 
irradiated  in  air  at  6.  5  x  10**  ergs  g"  *  (C).  (*^)  Whon  irradiated  in  a  vacuum  to  the  same 
exposure  dose,  these  fibers  decrease  less  than  15  per  cent  in  tensile  strength.  Elonga¬ 
tion  increased  from  1  to  20  per  cent  whon  irradiated  In  a  vacuum  as  compared  with  a  de¬ 
crease  of  50  per  cent  whon  irradiated  in  air,  The  flex-life  ol  the  fibers  decreased 
rapidly  when  uxpuuud  in  air.  Tints,  oxygen  Is  a  strong  oontributoi  to  the  degradation  of 
physical  properties  uf  nylon  in  the  presence  of  radiation. 

Irradiation  of  Mylar  in  vacuum  to  8,  7  x  10^  ergs  g”  *  (C)  produced  the  name  damage 
as  4.  4  x  10(1  ergs  g“  *  (C)  in  air,  indicating  that  oxldutlun  plays  some  role  in  the  damage 
induced. (28) 

As  determined  from  tests  on  reinforced  plastic  laminates,  the  combined  ef.t'oclii  of 
high  vacuum,  ultraviolet  radiation,  and  ulev  tied  temperatures  are  not  significant  on  moat 
structural  plastic  materials.  The  extent  of  degradation  in  epoxy  and  phenolic  laminates 
is  a  function  of  temperature  rather  than  high  vacuum  or  combined  high  vacuum  and  tem¬ 
perature.  Exposure  conditions  in  those  tests  were  a  radiant  ■  energy  flux  concentrated  in 
the  range  from  2500  to  5800  A  but' equivalent  in  amount  to  the  solar  constant,  tempera¬ 
tures  oi  300  F,  and  reduced  pressures  of  10"^’  to  10"”'’  mm  Ilg. 


EFFECT  OF  DOSE  RATE  ON  POLYMERS 


The  damage  to  a  polymer  by  radiation  is  generally  dependent  on  total  dose  absorb  cl 
regardless  of  type  of  radiation.  Questions  often  arise  as  to  dose- rate  effects.  Exten¬ 
sive  dose- rate  studies  have  been  made.  1  lie  data  that  are  available  arc  presented  below. 
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Aitken,  Ralph,  and  Sheidon(2 *)  irradiated  epoxy  resins,  using  a  pile,  a  spent  fuel 
assembly  (gamma),  and  a  linear  accelerator  (electrons).  In  the  pile,  the  specimens  were 
irradiated  in  air  at  room  temperature  (70  C)  and  a  thermal  neutron  flux  of  1.  2  x  10  12  n 
cm"  *  using  a  pile  factor  of  10^  nvt  =  7  x  10^  rads.  Doses  of  1.  2  x  10®,  8.5  x  10®, 

1.  3  x  1C^,  and  2.9  x  10^  rads  were  received,  at  a  dose  rate  of  2.  9.  megararts  hr”  *. 


In  the  spent  fuel  assembly,  the  specimens  were  irradiated  in  air  at  room  tempera¬ 
ture  using  a  dose  rate  of  2.  0  megarads  hr"  *  gamma,  together  with  103  thermal  n  cm"2 
sec"  1.  The  latter  were  neglected  as  insignificant  since  thermal  neutrons  have  not  been 
found  to  contribute  to  the  degradation  of  simple  polymers.  In  the  linear  accelerator  the 
specimens  were  again  irradiated  in  air  at  room  temperature  at  a  dose  rate  of 
1.  8  x  102  megarad  hr" 


The  results  from  pile  and  gamma  irradiation  were  in  reasonable  agreement  with 
each  other.  This  was  not  so  in  the  case  of  the  electron  irradiation.  This  discrepancy  is 
probably  due  to  the  wide  differences  in  dose  rates  used;  2.  92  megarad  hr"  *  in  the  pile, 

2.  0  megarad  hr"  1  in  the  spent  fuel  assembly,  against  1.  8  x  102  megarad  hr"  1  with  the 
linear  accelerator. 


Dose  rate  does  seem  to  have  an  important  bearing  on  the  processes,  when  the  sam¬ 
ples  react  with  their  surroundings.  In  the  case  of  irradiations  carried  out  in  air,  the 
degradation  processes  may  be  regarded  as  being  due  to  the  diffusion  of  oxygen  into  the 
specimens,  which  yields  peroxidation  and  hydroperoxidation  of  the  radicals.  The  degree 
to  which  these  reactions  affect  ^the  physical  properties  of  the  material  is  probably  de¬ 
pendent  on  the  diffusion  rate  of  oxygen  in  the  matrix  and  on  the  geometry  of  the  specimen. 
In  the  case  of  electron  irradiation's,  the  dose  rate  (free- radical  production)  may  be  in 
excess  of  the  diffusion  rate  of  oxygen,  causing  the  croBsiinking  reactions  to  predominate. 
In  the  case  of  the  gamma  and  pile  irradiations,  free- radical  production  rate  is  suffi¬ 
ciently  low  to  allow  the  diffusion  of  oxygen  to  influence  the  degradative  process  -  causing 
chain  shortening  and  inhibition  of  crosslinking. 

The  results  of  experimental  irradiations  at  high  dose  rates  in  air  should  be  treated 
with  extreme  caution.  The  time  scale  of  irradiation  should  be  sufficiently  long  to  allow 
secondary  processes  to  occur  to  their  full  extent,  before  the  results  obtained  can  be  re¬ 
lated  to  the  materials  under  working  conditions. 

Radiation  in  Van  Alien  belts  is  a  mixture  of  electrons  and  protons  existing  in  two 
major  belts  surrounding  the  earth.  The  Pioneer  vehicle  space  probes  indicated  that 
maximum  intensity  in  the  Van  Allen  space  radiation  belts  surrounding  the  earth  was 
approximately  100  roentgens /hour  and  then  only  if  the  radiation  consisted  of  protons, 
which  would  be  the  worst  possible  case.  Thus,  maximum  total  dose  sustained  by  a 
space  vehicle  in  one  year  would  be  8.  7  x  105  roentgens,  and  then  only  if  the  vehicle  re¬ 
mained  in  the  center  of  the  radiation  belt  continuously.  Hence,  a  number  of  the  polymers 
may  be  serviceable  for  at  least  a  year. 


FUNDAMENTAL  STUDIES 


There  has  recently  been  an  increase  in  the  number  of  fundamental  studies  directed 
toward  the  development  or  testing  of  elastomers  and  plastics.  Three  of  these  studies 
are  of  significance  to  those  interested  in  developing  radiation- resistant  elastomers. 
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The  first  sLudy  of  this  type  is  in  connection  with  the  determination  of  combined 
heat  and  radiation  stability  of  polymers.  General  Electric(23)  derived  an  equation  from 
photochemical  principles  which  may  apply  to  many  materials  under  combined  radiation 
and  temperature  conditions. 

The  general  formula  is 

Ki  /Kg  \ 
lnt=  T  'll  KV  in  r  +  k4, 

where 


t  a  time  to  failure  in  hours 

T  a  absolute  temperature  in  degrees  Kelvin 

r  a  radiation*  exposure  rate  in  ergs  g"  1  (C)  hr'1 

Ki,  K2,  K3,  and  K4  are  constants  determined  experimentally. 

Tests  were  made  on  Teflon  to  check  the  applicability  of  this  relationship  with  respect  to 
organic  solids. 

The  dynamic  test  used  consisted  of  flexing  during  irradiation  at  temperature  with 
samples  under  tensile  stress  and  exposed  to  either  an  oil  or  air  environment.  The  test 
was  continued  until  the  samples  failed  by  breaking. 

The  results  of  the  Teflon  tests  were  found  to  obey  the  expected  type  of  relationship. 
The  performance  of  the  material  differed  in  the  temperature  regions  below  and  above 
250  F.  This  type  of  behavior  occurs  under  nonradiation  conditions  and  usually  is  attrib¬ 
utable  to  a  phase  change  or  to  the  predominance  of  different  reactions  in  the  two  temper¬ 
ature  ranges. 

The  empirical  equations  applicable  to  the  results  of  the  Teflon  tests  are: 

(1)  For  temperatures  less  than  250  F 

In  t  =  15?j'  1  -  (  +  0.  64064^  In  r  +  10.  8841 


(2)  For  temperatures  above  250  F 


In  t  = 


5825 


o.33.48) 


In  r  +  0.  16639  . 


Excellent  agreement  between  calculated  and  experimental  values  was  obtained. 

The  second  study  involves  The  B.  F.  Goodrich  Company monomer- synthesis 
program  to  show  the  effects  of  the  relative  position  of  aromatic  ring  structures  in  poly¬ 
mers  on  the  degree  of  radiation  protection.  Acrylate  monomers  have  been  selected  for 
study  because  they  produce  fairly  heat-resistant  polymers  and  can  be  poiymcr i/.ed  using 
familiar  techniques. 


■vj  being  synthesized  or  purchased.  The  chemical 
shown  in  Table  8. 


Four  groups  of  mono 
structures  of  these  monon.e.- 
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TABLE  H.  MONOMERS  FOR  STUDIES  ON  THE  EFFECT  OF  POSITION  OF  PHENYL  GROUPS 
IN  POLYMERS  ON  RADIATION  STABILITY  (24! 


CROUP  I 

Cl*,.— CH— 

O—  Cjllj 
Ethyl  acrylate 


Phenyl  tcryltli 


4 -Phenyl  butyl  acrylate 


GROUP IS 


Ctl.-C-C 


Cll, 


O-C^H, 


'Ithyl  methacrylate 


Phenyl  methacrylate 


Cll4“C-C^ 


CII, 


O 

0-(CII, 


4*PhenyI  butyl  methacrylate 


Ethyl  -a-phenyl  acrylete 


Phenyl -a-phenyl  acrylate 


CH*—  CH2—  CHjj—  CHZ 


4-Phenyl  butyl -a-phenyl  acrylate 


CROUP  IV 


C»2"C-< 


(CH,|4 


O-CjHj 


Ethyl -n-(4-phenyt  butyl)  acrylate 


4-Phenyl  butyl-"-(4-phonyl  butyl)  acrylate 


Phenyl -'>-(4- phenyl  butyl)  acrylate 
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Because  of  the  various  positions  of  the  phenyl  groups,  Goodrich  workers  hope  to 

determine(24); 

(1)  The  influence  of  distance  of  aromatic  groups  from  the  nearest  reactive, 
site  on  the  rate  of  radiation- induced  crosslinking  (Group  I)  or  chain 
scissio;  (Group  III) 

(2)  The  decrease  in  rate  of  chain  scission  when  a  methyl  group  attached 
to  a  carbon  atom  which  also  is  connected  to  another  group  by  a  double 
bond  (such  as  in  polyethyl  methacrylate)  is  replaced  by  a  phenyl  group 
(such  as  in  polyethyl- alpha- phenyl  acrylate) 

(3)  The  decrease  in  the  latter  protective  effect  as  the  distance  of  the 
phenyl  group  from  the  main  chain  increases  (Group  IV) 

(4)  The  importance  of  the  intramolecular  distance  of  the  aromatic  ring 
from  a  site  of  probable  crosslinking  or  chain  scission  upon  radiation 

resistance 

(5)  The  relative  effect  of  multiple  substitution  with  aromatic  rings  near 
a  probable  reactive  site. 

The  third  fundamental  study  of  interest  is  being  conducted  by  Convairf1?)  on  the 
effect  of  sample  sise,  chape,  and  composition  on  the  amount  of  energy  absorbed  from  a 
beam  of  monoenergetic  neutrons.  The  effect  of  sample  composition  was  studied  by  de¬ 
termining  whether  the  energy  absorbed  by  a  compound  could  be  calculated  using  a  simple 
additive  process  on  data  obtained  for  samples  composed  of  only  one  element.  They 
found  this  additive  process  can  be  considered  valid  over  rather  wide  ranges  of  com¬ 
position,  provided  the  elemental  data  are  obtained  from  samples  similar  in  sice  and 
shape  to  the  sample  under  consideration. 

The  effect  of  sample  shape  on  energy  absorption  was  also  studied.  Right  circular 
cylindere  and  rectangular  parallelepiped*,  opcared  to  be  equivalent,  but  spheres 
absorbed  less  energy  by  a  factor  of  about  1.  6.  Other  factors  found  to  be  important  in 
estimating  absorption  are  anisotropic  scattering  and  cross-section  resonances.  Neglect 
of  these  factors  resulted  in  underestimating  energy  absorbed  by  a  factor  of  about  8.  3. 


SOVIET  STUDIES  ON  RADIATION  EFFECTS  ON  POLYMERIC  MATERIALS 


The  Soviets  are  studying  the  effects  of  radiation  on  polymers  and  their  published 
information  has  been  reviewed  for  REIC.  In  most  cases,  this  published  information  has 
contained  little  radiation- effects  data  unfamiliar  to  U.  S.  scientists.  However,  recently, 
Dubrovin  and  c  -workers (25)  studied  the  effects  of  radiation  on  some  compositions  con¬ 
taining  sodium- polymerized  butadiene  which  are  used  for  Soviet  cable  insulation.  This 
work  is  of  interest  because  the  compositions  are  different  from  those  used  in  the  U.  S. 
and  also  because  the  radiation  resistance  of  present  cable  insulation  is  not  satisfactory 
for  some  applications. 

The  Soviet  work  described  by  Dubrovin  included  the  effects  of  radiation  on  sodium 
butadiene,  polychloroprene,  and  Buna-S  rubbers.  The  compositions  of  these  rubbers 
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are  shown  in  Table  A-  1.  The  data  given  in  Table  A- 2  show  that  the  tensile  properties  of 
a  vulcanizate  based  on  Buna-S  plus  lithium- polymerized  butadiene  (ShBM-40)  steadily 
increase  as  the  radiation  dose  is  increased.  The  tensile  properties  of  two  polychloro- 
prene-based  rubbers  (NShI-35  and  ShN-40)  pass  through  a  slight  minimum  (10  to  15  per 
cent  lower  than  the  initial)  at  8.  7  x  109  ergs  g~  1  (C)  (100  mr).  The  strength  of  the 
sodium- butadiene  rubbers  decreases  much  more  rapidly.  These  three  vulcanizates, 
however,  have  a  much  greater  breaking  elongation  than  the  other  rubbers  studied. 
Judging  from  its  tensile  properties,  Buna-S  plus  lithium- polymerized  butadiene  has  the 
greatest  radiation  stability,  which  is  apparently  due  to  the  presence  of  phenyl  groups. 
Data  given  in  Table  A- 3  show  that  the  dielectric  properties  of  the  rubbers  are  consider¬ 
ably  impaired  as  a  result  of  irradiation.  Irradiation  decreased  the  moisture  resistance 
of  the  rubbers.  After  immersion  in  water,  the  specimens  which  had  not  been  Irradiated 
had  better  dielectric  properties  than  the  irradiated  rubbers.  The  Soviets  feel  that  the 
poorer  dielectric  properties  of  vulcanizates  exposed  to  radiation  are  due  to  their  in¬ 
creased  content  of  polar  groups,  which  form  as  a  result  of  the  radiation  oxidation  of  the 
raw  rubber  component. 

The  rubbers  studied  were  arranged  by  Dubrovin  in  the  following  decreasing  order 
of  radiation  stability  (estimated  'rom  the  extent  to  which  initial  tensile  strength  was 
preserved): 

ShN-40  (based  on  polychloroprene) 

ShBM-40  (based  on  Buna-S  plus  lithium- polymerized  butadiene) 

NShI-35  (based  on  polychloroprene  plus  natural  rubbers) 

TS-35  (based  on  natural  and  sodium- polybutadiene  rubbers) 

T8Sh-30  (based  on  natural  and  sodium- polybutadiene  rubbers) 

TSSh-35  (based  on  natural  and  sodium- polybutadiene  rubbers). 

None  of  these  show  improved  properties  over  U.  S.  elastomers. 

Two  Soviet  scientists,  Taubman  and  Yanova,  studied  the  role  of  gas  formation  in 
the  degradation  of  polymethyl  methacrylate  under  the  action  of  radiation.  (26)  They 
learned  that,  below  the  softening  point  of  the  polymer,  the  amount  of  gas  formed  was 
small,  but  above  it  the  gas  formation  was  greatly  accelerated.  They  explained  this  fact 
by  the  reversibility  of  the  radiation  reaction,  which  was  shown  further  by  the  formation 
of  the  treelike  crack  which  originates  on  irradiating  polymers  below  their  glass 
temperatures. 

Kuz'minskiy  and  Zhuravskaya^27)  discussed  the  resistance  of  rubbers  to  the  action 
of  ionising  radiations.  At  doses  of  4.4  x  10*0  -  1011  ergs  g"l  (C)  (5  x  10®  -  109  roent¬ 
gens),  most  rubbers  are  transformed  into  a  brittle  glasslike  material.  The  effect  de¬ 
pends  essentially  on  the  nature  of  the  rubber.  The  different  rubber  types  may  be 
arranged  in  the  following  declining  series:  polydimethyisiloxane  rubber  (SKT), 
butadiene- nitrile  (SKN-26),  sodium- butadiene  (SKB),  vinyl- pyridine,  butadiene- styrene 
(SKS-30),  natural  rubber,  and  isoprene  rubber.  Butyl  rubber  is  the  least  resistant  to 
ionization.  Acrylates,  chloroprens,  and  nitrile  polymers  may  be  recommended  at  doses 
to  8.8  x  10$  ergs  g“  1  (C)  (107  roentgens). 
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Vulcanizatcs  based  on  butadiene- styrene  copolymers  retain  satisfying  physical- 
mechanical  indices  at  doses  of  8.8  x  10  10  ergs  g”  ^  (C)  (I0l/  roentgens).  Heat  and  ioniza¬ 
tion  resistance  were  tested  simultaneously  in  polysilicone,  urethane- isocyanate,  and 
fluoro- elastomers.  Urethane- isocyanates  show  good  results  at  doses  up  to 
8.  8  x  109  -  10 It)  ergs  g“  *  (C)  (10®-  109  roentgens).  Irradiation  of  sulfur  vulcani/.ales  by 
small  doses  leads  to  tire  formation  of  additional  C-C  crosslinks  with  increased  heat  re¬ 
sistance.  The  radiation  resistance  of  synthetic  rubbers  is  lower  than  that  of  natural 
rubber.  Vulcanization  conditions  have  no  effect  on  radiation  resistance.  The  introduc¬ 
tion  of  antioxidants  has  a  positive  effect  in  this  respect.  The  presence  of  chemically 
bound  sullur  reduces  the  rate  of  structure  formation.  The  use  of  large  amounts  of 
"heavy"  fillers,  like  lithopore,  accelerates  the  aging  process.  The  brittleness  and  hard¬ 
ness  induced  by  irradiation  cannot  be  eliminated  by  means  of  plasticizers,  like  dibutyl- 
sebacate,  dioctyl- phthalate,  etc.  Protective  additions  are  aniline  and  benzoquinone  in 
the  case  of  polymethylmethacrylate,  as  well  as  acceptors  for  free  radicals,  like  m- 
dinitrobenzene,  2.  4- dinitrophenol,  etc.  "Modified"  fillers  which  absorb  various  ingredi- 
ends  on  their  surface  show  good  results  when  subjected  to  irradiation. 

Kuz'minsky  and  co-workers^*®)  discussed  results  of  their  studies  on  radiation- 
induced  polymerization  of  various  elastomers,  using  gamma  and  X- radiations.  A  Co- 60 
source  with  an  activity  of  16,000  gram- equivalents  of  radium  is  being  constructed  (1958) 
to  study  the  radiation  effect  on  raw  and  vulcanized  rubbers  and  other  polymeric 
materials. 

Vodop'ianov,  et  al.  (29)  reported  on  the  effect  of  gamma  irradiation  on  the  dielec¬ 
tric  properties  of  phenol  formaldehyde  plastics.  When  irradiation  materials  such  as 
*AG-4,  K-114-35,  K-211-3,  and  FKPM-25,  with  30,000  to  30,000  roentgens  at  500  to 
530  r  m"1,  the  loss  of  conductivity  increases  especially  in  K-  114-35.  The  most  im¬ 
portant  angles  of  loss  are  observed  after  irradiation  at  -60  C  and  under  tropic  conditions 
(AG-4).  The  electric  strength  of  the  plastics  investigated  did  not  change  practically  after 
gamma- radiation.  Specific  inductive  capacitance  remained  the  same. 


RADIATION  EFFECTS  ON  SPECIFIC  POLYMERIC  COMPONENTS 


The  radiation  environment  to  which  components  may  be  subjected  may  include  alpha, 
beta,  and  gamma  radiations,  and  neutrons  and  protons.  Neutrons  are  normally  sepa¬ 
rated  into  the  two  categories,  i.  e.  ,  fast  and  thermal  neutrons.  A  given  component  may 
be  subjected  to  one  or  more  of  these  types  of  radiation,  in  addition  to  other  environments, 
such  as  heat  vacuum,  fuels,  oils,  and  humidity.  Hence  environmental  interactions  may 
lead  to  failure  where  the  device  would  probably  not  fail  if  exposed  to  a  segregated  envi¬ 
ronment.  Therefore,  selection  of  materials  is  important  so  that  the  component  func¬ 
tions  satisfactorily  regardless  of  the  environmental  condition. 

This  section  presents  information  on  the  serviceability  of  components  in  radiation 
and  other  environments.  Component  information  is  presented  alphabetically. 


•SfKvifi.  t  wi-iv  not  iihii’iil lin'd. 
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Adhesives 


Information  concerning  the  radiation  stability  of  adhesives  is  available  only  for 
those  types  developed  for  structural  applications  in  aircraft  and  missiles.  These  are 
primarily  used  for  metal  bonding,  and  being  organic  materials,  are  susceptible  to  heat 
and  radiation  damage. 

Irradiation  studies  have  been  made  on  phenolic- epoxy,  vinyl- phenolic,  nylon- 
phenolic,  epoxy,  and  nitrile  rubber-phenolic  types  of  adhesives.  Neutron,  electron,  or 
gamma  radiations  cause  similar  damage  at  similar  dosages. 

In  general  it  has  been  found  that  adhesives  developed  for  high-temperature  use, 
such  as  tiie  phenolic- epoxy  types,  have  better  resistance  to  radiation  than  the  thermo¬ 
plastic  and  general-purpose  types.  Phenolic- epoxy  adhesives,  such  as  Shell  422  J  and 
Narmco  25-1,  have  excellent  radiation  stability  at  room  temperature,  retaining  useful 
strength  properties  to  a  radiation- expo  sure  dose  of  10*1  ergs  g“  1'  (C).  For  elevated  tem¬ 
peratures  (to  500  F),  Adhesive  422  J  appears  to  be  the  best  material  tested.  It  retains 
good  shear  strength  when  tested  at  500  F  after  being  exposed  at  room  temperature  to  a 
radiation  dose  of  8.  1  x  10 10  ergs  g~  1  (C).  A  vinyl- phenolic  adhesive  on  a  glass  carrier, 
FM-47,  and  a  modified  nylon- phenolic  adhesive,  Cycleweld  C-6,  retain  good  shear 
strength  at  10 11  ergs  g"  1  (C);  however,  they  do  not  have  the  high- temperature  character¬ 
istics  of  the  phenolic- epoxy  type.  Most  epoxy  and  nitrile  rubber- phenolic  adhesives  show 
good  adhesion  at  room  temperature  to  5  x  1010  ergs  g"  1  (C).  Neoprene- phenolic  adhe¬ 
sives  appear  to  be  useful  to  10*0  ergs  g- 1  (C).  The  rubber- phenolic  adhesives  are  gen¬ 
erally  more  flexible  than  the  phenolic- epoxy  type,  but  the  bonded  areas  tend  to  creep 
when  under  shear  stress. 

In  general,  fillers  improve  the  radiation  stability  of  an  adhesive,  although  in  some 
cases  at  a  sacrifice  of  the  over-all  shear  strength.  The  curing  agent  and  reactive  diluent 
used  in  epoxy  adhesives  will  also  influence  the  radiation  stability  of  the  adhesive.  Aro¬ 
matic  curing  agents  generally  produce  more- radiation- resistant  compositions  than  do  the 
aliphatic  curing  agents. 

Table  9  lists  the  various  classes  of  adhesives  in  order  of  their  radiation  stability 
according  to  shear- strength  data.  The  known  maximum  operating  temperatures  are 
listed  in  parenthesis  beside  the  name  of  the  adhesive.  Following  is  a  general  discussion 
of  the  various  studies  carried  out  on  th«*se  materials. 


Epoxy- Phenolic  Adhesives 

These  adhesives  have  shown  good  stability  after  havii  j  been  irradiated  to  a  maxi¬ 
mum  dose  of  8  x  1010  ergs  g"  1  (C).  They  were  developed  specifically  for  high- 
temperature  applications  and,  therefore,  also  have  good  heat  stability. 

Arlook  and  Harvey^)  determined  tensile  shear  strength  and  bend  strength  on  Shell 
epoxy- phenolic  Adhesive  422  J  at  room  temperature,  180,  260,  and  500  F  after  irradia¬ 
tion  at  ambient  temperature.  Fatigue  resistance  was  determined  only  at  room  tempera¬ 
ture.  This  adhesive,  also  known  as  Hexcel  422,  is  provided  as  a  support  tape,  the 
carrier  being  a  112  glass  fabric  with  Volan  A  finish.  The  data  from  these  tes*s  are  tab¬ 
ulated  in  Table  A-4.  Figure  B--  1  shows  the  changes  in  tensile  shear  strength  and  bend 
strength  at  the  different  temperatures  after  irradiation.  Tests  at  500  F  showed  that  the 
tensile  shear  strength  did  not  drop  much  below  the  original  value  of  1,600  psi  after  the 


TABLE  9.  RELATIVE  RADIATION  RESISTANCE  OP  STRUCTURAL  ADHESIVES 


I.  Adhesive!  maintaining  good  strength  properties  after  exposure  to  10u  ergi  g'1  (C) 
I.  Epoxy -phenolic  adhesives 


422  J  (  -65  to  600  F) 
Narmco  2501 


Shell  Chemical  Company 
Narmco,  Incorporated 


2.  Vinyl-phenolic  adhesives 

PM -47  (-65  to  200  P)  Bioomingdale  Rubber  Company 

3.  Modified  nylon -phenolic  adhesives 

Cycleweld  C-6  Chrysler  Corporation,  Cycleweld  Division 

II.  Adhesives  maintaining  good  strength  properties  after  exposure  to  6  x  1010  ergs  g*1  (C) 

1.  Epoxy  adhesives 


i^ayi(-eisMf) 

Epon  VID  (-65  to  200  F) 
Armsnoag  A -6  (-65  to  200  P) 


PA-1:  Ipan  826 

TUokoUr-2 

PA-2;  Armstrong  C-l 
Thiokol  LP-2 

LCA-ls  Span  828 

Thiokol  LP-2 
Calcium  carbonate  filler 

LCA-2:  Armstrong  C-l 
Thiokol  LP-2 
Calcium  carbonate  filler 

3.  Nitrile  rubber -phenolic  adiesives 

AP-6(-66  to  200 P) 

EC  1246  (-65  to  300  P) 

Cycleweld  A -2 
Metlbood  4021  (-66  to  300  P) 

Plastilock  820 (-65  to  300  P) 

4.  Nitrile  rubber-epoxy -phenolic  adhesives 

Bandmaster  248 

III.  Adhesives  maintaining  good  suength  properties  after 

1.  Neoprene -phenolic  adhesives 
Cycleweld  C-3(-66  to  200  F) 

IV.  Adhesives  maintaining  good  strength  properties  after 

l.  Neoprene  rubbcr-nylon-phcnolic  adhesives 
Metlbood  MN3C  (-300  to  200  F) 


Armstrong  Product!  Company 


Thiokol  Corporation 


Armstrong  Products  Company 


Minnesota  Mining  &  Manufacturing  Company 
Ditto 

Chrysler  Corporation,  Cycleweld  Division 
Narmco,  incorporated 
B.  P.  Goodrich  Company 


Rubber  and  Asbestos  Corporation 
exposure  to  10  ergs  g"1  (C) 

Chrysler  Corporation,  Cycleweld  Division 
exposure  to  •>  x  10'J  ergs  g**  (C) 


Narmco,  Incorporated 
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samples  had  been  irradiated  at  room  temperature  to  a  dose  of  between  5  and 
8  x  10  10  ergs  g"  1  (C).  Bone  strength  changed  less  than  30  per  cent  at  500  F  after  ex¬ 
posure  to  8  x  10^  ergs  g"  ^  (C)  (see  Table  A-4  and  Figure  B-2). 

Fatigue  strength  was  determined  on  samples  after  irradiation  to  two  different 
doses,  7.  0  x  10^  ergs  g"  1  (C)  (8.  0  x  107  roentgens)  and  6.  8  x  10 10  ergs  g“  1  (C) 

(78  x  107  roentgens).  Data  obtained  in  these  testa  are  shown  graphically  in  Figure  B-3, 
Comparing  these  data  with  the  control  values,  it  is  seen  that  there  were  no  significant 
differences  between  the  irradiated  and  the  unirradiated  specimens.  In  both  cases,  fail¬ 
ure  was  adhesive  rather  than  cohesive. 

Also,  DeZeih^®^  irradiated  test  panels,  using  Shell  Type  422  epoxy- phenolic 
structural  adhesive,  and  gamma  dosages  ranging  from  9.  3  x  10&  to  1.86  x  10 11  ergs 
g“  *  (C).  These  were  tested  for  tensile  shear  strength  at  75  F.  No  significant  effect  of 
radiation  on  the  physical  properties  was  noted. 

Hexcel  4 22  J  adhesive  has  also  been  evaluated  in  sandwich  panel  applications. 
Johnson  and  Sicilio(31)  at  Convair  bonded  an  aluminum  skin  to  a  glass  core  and  deter¬ 
mined  core  compression,  simple  beam,  column  creep,  shear  modulus,  and  shear 
strength  at  260  F.  There  were  no  significant  differences  in  properties  between  the  ir¬ 
radiated  and  the  unirradiated  parts  after  an  exposure  of  2.  4  x  10?  ergs  g“  *  (C).  Simi¬ 
larly,  sandwich  panel  tests  were  made  on  an  aluminum  skin  bonded  to  an  aluminum  core 
and  at  the  same  exposure.  No  significant  differences  were  noted  in  properties  of  these 
parts  (see  Table  A-5).  Lap- shear  tests  at  room  temperature  and  260  F  showed  no  change 
in  either  2024- T3  clad  aluminum  bonded  to  itself  or  magnesium  to  itself,  after  an  ex¬ 
posure  to  2.  4  x  10^  ergs  g“  *  (C).  '  (See  Table  A- 9. ) 

Lap- shear  strengths  were  also  determined  after  test  samples  were  immersed  in 
3  per  cent  salt  water,  tap  water,  anti-icing  fluids,  hydraulic  oil,  JP-4  fuel,  and  hydro¬ 
carbon  Type  HI  fuel  after  irradiation.  Again,  there  was  no  change  in  shear  strength  after 
exposure  (see  Table  A- 9). 


Vinyl- Phenolic  Adhesives 

Two  polyvinyl  butyral- phenolic  adhesives,  FM-47  Tape  and  Cycleweld  55-9,  were 
examined  for  radiation  stability.  FM-47  is  a  supported  tape,  the  carrier  being  4- mil- 
thick  191  lena-weave  glass  fabric.  Cycleweld  is  a  liquid  adhesive  which  does  not  con¬ 
tain  a  filler.  Test  data  show  that  the  radiation  stability  of  FM-47  is  much  better  than 
that  of  Cycleweld  55-9,  and  that  the  use  of  glass  tape  improves  its  stability.  FM-47 
appears  to  be  satisfactory  for  service  to  1011  ergs  g“  l  (C). 

According  to  the  results  of  Arlook  and  Harvey^*®),  FM-47  film,  when  tested  at 
room  temperature,  retained  90  per  cent  of  the  room- temperature  control  tensile-shear 
strength  up  to  the  maximum  radiation  dose  received,  7  x  10*0  ergs  g”  *  (C).  At  a  tem¬ 
perature  of  180  F,  it  retained  64  per  cent  of  the  180  F  control  strength  at  a  dose  of 
8.  6  x  10l0  ergs  g~  *  (C).  When  tested  at  260  F,  it  retained  83  per  cent  of  the  260  F  con¬ 
trol  strength.  The  tensile- shear  values  after  an  irradiation  dose  of  approximately 
8  x  10^  ergs  g“  *  (C)  were  taken  as  the  controls  for  the  tests  at  elevated  temperatures. 
All  irradiations  were  at  ambient  temperature  (approximately  74  F).  The  tensile- shear, 
bond- strength,  and  fatigue-test  data  for  this  adhesive  arc  listed  in  Table  A-6  and  Fig¬ 
ures  B-4  through  B-6.  At  260  F,  the  shear  strength  had  decreased  considerably,  al¬ 
though  it  was  not  affected  to  any  extent  by  increasing  radiation  doses. 
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MixerP2)  irradiated  FM-47  using  gamma  and  beta  irradiation.  He  found  that  the 
per  cent  change  in  tensile- shear  strength  was  similar,  providing  the  absorbeC  energy 
was  similar.  He  also  noted  that  the  failure  was  adhesive  rather  than  cohesive.  Test 
data  are  given  in  Table  A- 7. 

Cycleweld  55-9  increases  slightly  in  tensile- shear  strength  to  a  radiation  dose  of 
7.  2  x  10^  ergs  g"  1  (C),  but,  above  this  dose,  both  its  tensile- shear  strength  and  bend 
strength  decrease  rapidly.  (10)  When  tested  at  elevated  temperatures  the  change  was  not 
very  great,  but  the  control  values  decreased  greatly,  so  that  actual  tensile- shear  and 
bend- strength  values  are  approximately  the  same  as  those  for  the  room  temperature 
tests  for  radiation  doses  above  2.  4  x  10*0  ergs  g"  *  (C).  Test  data  for  Cycleweld  55-9 
are  gi\  sn  in  Table  A-8  and  Figures  B-7  through  B-9. 


Modified  Nylon- Phenolic  Adhesives 

Cycleweld  C-6  was  the  only  adhesive  of  this  class  tested.  For  room- 
temperature  applications  this  adhesive  appears  to  have  excellent  radiation  stability.  Its 
tensile- shear  strength  increased  from  2,  180  psi  for  the  unirradiated  material  to  2, 510  at 
a  dose  of  9.  2  x  10 *«  ergs  g" 1  (C).  However,  at  180  7,  tensile- shear  properties  were 
less  than  900  psi,  and  dropped  to  270  psi  at  9.  2  x  10*0  ergs  g“*  (C)  exposure  dose.  Bend 
strength  also  decreased  rapidly  after  a  dose  of  2.  4  x  10*0  ergs  g~*  (C)  when  tested  at 
elevated  temperatures.  These  data  are  shown  in  Table  A- 10  and  Figures  B- 10  through 
B- 12. 


Epoxy  Adhesives 

Several  factora  appear  to  affect  the  radiation  stability  of  epoxy  resins  and  no  doubt 
influence  the  radiation  stability  of  epoxy-based  adhesives.  The  structure  of  the  polymer, 
the  curing  agent  used,  the  presence  of  a  filler,  and  the  reactive  diluent  all  influence  the 
stability  of  epoxy  resins  and  adhesives.  In  general,  the  greater  the  aromatic  content, 
the  greater  the  stability  of  the  polymer.  Thus,  aromatic  curing  agents  provide  greater 
radiation  stability  than  do  aliphatic  curing  agents.  A  polymer  based  on  epoxy  resins 
having  a  Jreater  number  of  aromatic  groups  is  generally  more  stable  than  one  based  on  a 
structure  having  fewer  phenyl  groups. 

Mixer(^)  studied  the  radiation  stability  of  three  epoxy  systems,  including  DEBA 
(a  diglycidyl  ether  of  Bishpenol-A),  Epon  1001  (a  longer  chain  Bishpenol-A  diglycidyl 
ether),  and  Epon  X-131  [containing  tetraglycidyl  ether  of  tetrakis  (hydroxyphenyl)  ethane]. 
These  resins  were  cured  with  primary  aliphatic,  secondary  alipahtic,  and  primary  aro¬ 
matic  amines.  He  found  that  Epon  X-131  was  the  most  radiation  resistant  of  the  three 
epoxy  resins  when  aromatic  amines  were  used  as  curing  agents.  DEBA  was  the  least 
radiation  resistant.  He  found  that  (1)  the  aromatic  amine  product  was  far  more  stable 
than  aliphatic  amine  products;  (2)  chain  cleavage  of  the  epoxy  resins  was  in  the  aliphatic 
portion,  i.  e.  ,  in  the  glycidyl  group  rather  than  in  the  aromatic  part  of  the  molecule;  and 
(3)  the  predominant  effect  of  irradiation  on  epoxy  polymers  was  crosslinking. 

The  filler  in  epoxy  resins  improves  the  radiation  stability  to  some  extent.  (■*■*)  A 
comparison  of  unfilled  Epon  828  and  an  epoxy  filled  with  calcium  carbonate  (P-11  in 
Table  A- 1 1  shows  the  filled  resin  to  be  more  resistant  to  radiation  than  Epon  828,  al- 
through  the  latter  had  higher  original  shear- strength  values. 
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In  addition  to  those  already  mentioned,  other  epoxy  adhesives  which  have  been  in¬ 
vestigated  include  Epon  VI,  (35)  Epon  VIII,  (10>  32)  and  Cycleweld  C-  14.  (10)  Epon  VI  and 
Epon  VIII  were  used  with  Shell  Curing  Agent  A,  an  alkyl  amine  (an  aliphatic  compound). 
Epon  828  and  P-11  mentioned  above  were  cured  with  piperidine  (an  aromatic  compound). 
The  chemical  composition  of  the  other  curing  agents  was  not  disclosed.  The  effect  of 
radiation  on  tensile- shear  strength,  bend  strength,  per  cent  flow  under  load,  and  fatigue 
for  these  adhesives  is  shown  in  Tables  A- 12  through  A- 15,  and  Figures  B-13  through 
B-17.  Test  procedures  and  conditions  were  not  the  same  in  all  cases  and,  therefore,  the 
data  for  these  epoxy  adhesives  are  not  always  comparable.  However,  in  general  it 
appears  that  the  various  epoxy  resins  tejted.are  about  equivalent  in  radiation  stability  at 
room  temperature. 

Only  two  of  these  adhesives,  Epon  VIII  and  Cycleweld  C-  14,  were  tested  at  elevated 
temperatures.  Irradiation  in  all  cases  was  at  room  temperature.  An  examination  of 
Table  A- 13  and  Figures  B-13  and  B-14  shows  that  Epon  VIII,  when  irradiated  to  10*®  ergs 
g~*  (C),  has  about  the  same  radiation  stability  in  tensile  shear  when  tested  at  180  F  as  it 
does  when  tested  at  room  temperature.  Above  that  dose,  the  rate  of  change  is  greater 
for  the  sample  tested  at  180  F.  At  260  F,  the  strength  is  considerably  lower,  although 
the  changes  due  to  radiation  are  similar  to  those  shown  by  samples  tested  at  room  tem¬ 
perature.  The  bend  strength  is  lower  at  the  'higher  temperatures  but  the  changes  due  to 
increasing  radiation  are  similar  at  the  three  temperatures. 

Cycleweld  C-  14  behaves  differently  from  Epon  VIII  (see  Table  A-  15  and  Fig¬ 
ures  B-16  and  B-17).  At  room  temperature,  tensile- shear  strength  decreases  only  about 
8  per  cent  at  a  dose  of  2.  9  x  1010  ergs  g“l  (C).  Above  that  dose,  tensile- shear  strength 
decreases  rapidly.  At  180  F  and  260  F,  tensile- shear  strength  of  samples  irradiated  to 
8.  7  x  109  ergs  g~  *  (C)  is  less  than  200  psi.  This  appears  to  be  due  to  the  effect  of  heat 
rather  than  to  the  effect  of  radiation.  The  decrease  due  to  radiation  is  almost  nil.  The 
same  holds  true  for  the  bend  strength  of  this  adhesive.  Cycleweld  C-  14  is  a  modified 
epoxy  and  it  would  appear  that  the  modifier  decreases  its  heat  stability. 


Epoxy- Thiokol  Adhesives 

Thiokol  (polysulfide  rubber)  is  added  to  epoxy  resins  to  give  more  flexibility  and  to 
improve  adhesion,  Four  epoxy-Thiokol  adhesives  were  examined  for  radiation  stabil¬ 
ity!3^).  Two  were  based  on  Epon  823  and  two  on  an  Armstrong  epoxy  resin,  C-  1.  One  of 
each  of  these  contained  •.  ilcium  carbonate  as  a  filler.  Data  for  thei,e  adhesives  are 
given  in  Table  A-  16.  An  examination  of  t.ie*e  data  shows  that  the  addition  of  neither 
Thiokol  nor  the  filler  improved  the  tensile  properties  of  the  epoxy  adhesives  to  any  ap¬ 
preciable  extent.  In  most  cases  there  was  a  degradation  of  tensile  strength. 

At  the  highest  radiation  dose,  8.  5  x  10*®  ergs  g"  *  (C),  the  shear  strengths  of  all 
four  compositions  as  well  as  of  the  two  epoxy  resins  appeared  to  drop  to  about  the  same 
value.  These  adhesives  followed  the  same  general  trend  of  the  epoxy  adhesives  in  that 
they  showed  little  damage  at  10 1C  ergs  g"  *  (C),  but  significant  loss  in  strength  at 
8.  5  x  10*®  ergs  g"  *  (C).  However,  the  tensile- shear  strength  of  some  of  them  increased 
greatly  at  low  radiation  doses. 


Nitrile- Phenolic  Adhesives 

Rubber-based  adhesives  have  given  excJlent  bonding  strengths  and  arc  often  used 
where  greater  flexibility  is  required  than  is  generally  obtained  irom  phenolic-  or 


45 


epoxy-type  adhesives.  Some  of  these  adhesives  haV#  very  high  tensile- shear  strengths, 
combined  with  good  radiation  stability  at  room  temperature.  Adhesives  in  this  group 
that  have  been  tested  include  Scotchweld  AF- 6(  ^ ,  EC-  1 245(^5) ,  Metlbond  402 1  ( 35) , 
Cycleweld  A-Z^®),  and  Plastilock  620^^.  Data  for  these  adhesives  arc  given  in 
Tables  A-  17  through  A- 20  and  Figures  B-  18  through  B-23. 

These  adhesives  generally  lose  their  high  tensile  strengths  at  elevated  tempera¬ 
tures,  limiting  their  applications  to  temperatures  below  250  F.  Their  radiation  stability 
is  good  at  higher  temperatures,  since  irradiation  appears  to  improve  their  adhesive 
strength.  Only  lowering  of  the  tensile  strength  appears  to  be  due  entirely  to  heat.  It 
should  also  be  pointed  out  that,  although  tensile  strength  is  decreased  at  elevated  tem¬ 
peratures,  there  remains  sufficient  strength  for  many  applications. 

Plastilock  620,  manufactured  by  the  Goodrich  Rubber  Company,  was  tested  as  an 
adhesive  for  bonding  2024-T3  clad  aluminum,  7075- T6  unclad  aluminum,  and  magnesium 
and  for  bonding  magnesium  to  2024-  T3  clad  aluminum.  (31)  The  only  change  in  shear 
strength  due  to  irradiation  occurred  with  the  magnesium- to- 2024- T3  clad  aluminum  spec¬ 
imens.  These  showed  a  slight  decrease  in  shear  strength  after  a  dose  of  2.  4  x  10^  ergs 
g~l  (C).  Tests  were  made  at  room  temperature  and  at  260  F,  but  irradiation  was  at 
room  temperature.  Samples  were  immersed  in 4 per  cent  salt-water  solution,  tap  water, 
anti- icing  fluid,  hydraulic  oil,  JP-4  fuel,  and  hydrocr.rbon  Type  111  fuel  after  irradiation, 
with  no  change  in  shear  strength.  Data  are  given  in  Table  A-  17.  Plastilock  620  was  not 
tested  above  2.  4.  10^  ergs  g~l  (C). 

Adhesive  AF-6  had  an  original  shear  strength  of  2,  900  psi  which  was  somewhat 
lower  than  that  for  other  adhesives'  in  this  class  (see  Table  A-  18  and  Figures  B- 18 
through  B-20).  However,  when  tested  at  260  F  after  being  irradiated  at  room  tempera¬ 
ture  to  a  dose  of  5.  5  x  10 10  ergs  g“  1  (C),  the  adhesive  retained  approximately  one-third 
of  its  strength,  decreasing  to  1,030  psi.  Another  adhesive,  Cycleweld  A-Z,  retained 
some  strength  at  500  F.  The  original  room- temperature  tensile- shear  strength  was 
2,030  psi  (see  Table  A- 19  and  Figures  B-21  through  B-23).  After  Cycleweld  A-Z  was 
irradiated  to  7.  1  x  10  *0  ergs  g~  1  (C),  tensile- shear  strength  at  500  F  was  370  psi.  Ad¬ 
hesives  EC- 1245  and  Metlbond  4021  had  excellent  original  tensile  strengths.  They  re¬ 
trained  tensile  strength  above  4,000  psi  when  irradiated  to  1.  7  x  10 10  ergs  g"1  (C). 

EC- 1245  lost  this  strength  very  rapidly  at  exposures  above  this  dose.  The  Metlbond 4021 
was  not  irradiated  to  a  high  dose,  but  would  probably  behave  similarly.  (See  data  in 
Table  A-20. )  These  adhesives  were  not  irradiated  at  elevated  temperatures,  so  it  is 
not  possible  to  determine  their  effectiveness  for  applications  requiring  good  adhesion 
while  being  subjected  to  radiation  at  elevated  temperatures. 


Nitrile- Epoxy- Phenolic  Adhesives 

This  class  is  a  modification  of  the  preceding  class  of  adhesives.  Bondmastcr  24B, 
manufactured  by  Rubber  and  Asbestos  Corporation,  was  tested  for  tensile- shear  strength 
after  irradiation.  (35)  it  wa8  found  to  be  similar  in  tensile- shear  strength  and  radiation 
stability  to  the  nitrile-phenolic  adhesives  discussed  above,  being  stable  to  about 
5  x  10*0  ergs  g"  1  (C).  The  data  arc  shown  in  Table  A-21. 


Neoprene- Phenolic  Adhesives 

A  neoprene- phenolic  rubber  adhesive.  Cycleweld  C-  i(*®),  decreased  on  irradiation 
at  a  fairly  uniform  rate.  At  a  radiation  dose  of  10  1°  ergs  g"  1  (C),  its  tensile- shear 
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strength  had  decreased  by  about  38  per  cent  and  bend  strength  by  54  per  cent.  The  data 
are  shown  in  Table  A- 22  and  Figures  B-24  and  B-25.  The  changes  due  to  irradiation 
appeared  to  be  similar  when  the  material  was  tested  at  the  higher  temperatures.  It  is 
not  recommended  that  this  adhesive  be  used  beyond  a  radiation  dose  of  10 10  ergsg-1  (C). 


Neoprene- Nylon- Phenolic  Adhesives 

Metlbond  MN3C  (Narmco,  Inc. ),  supplied  both  as  a  liquid  and  as  a  tape  with  a  nylon 
fabric  carrier,  was  examined  for  tensile- shear  strength  after  irradiation  to  approxi¬ 
mately  1010  ergs  g"  1  (C).  (35)  Data  are  shown  in  Table  A-23.  Although  its  original  shear 
strength  is  slightly  higher  than  that  of  a  neoprene- phenolic  its  radiation  stability  appears 
to  be  poorer  than  that  of  other  rubber- phenolic  types.  Shear  strength  was  the  only 
property  reported  for  this  adhesive.  The  adhesive  possibly  may  be  used  for  some  appli¬ 
cations  at  radiation  doses  of  5  x  10?  ergs  g"l  (C)  to  10*0  ergs  g~*  (C).  Lap-shear  test 
specimens  made  using  2024-  T3  clad  aluminum,  7075- T6  unclad  aluminum,  and  magne¬ 
sium  were  irradiated  in  air  to  2. 4  x  10?  ergs  g“  1  (C)  and  then  tested  at  room  tempera¬ 
ture  and  180  F.  (31)  There  was  no  major  change  in  the  shear  strength  at  the  test  temper¬ 
atures.  The  data  are  given  in  Table  A- 24. 


Coatings 


Coatings  generally  considered  for  present  and  future  use  in  the  aviation  industry 
are  based  on  the  following  materials:  phenolics,  furanes,  alkyds,  silicone  alkyds, 
vinyls,  nitrocellulose,  neoprene,  styrene- butadiene,  and  epoxy.  (36)  Coatings  and  paints 
prepared  from  all  these  resins  except  polyvinyl  chloride  and  nitrocellulose  appear  to  be 
satisfactory  for  use  after  exposure  to  8.  7  x  1010  ergs' g”1  (Q  (1  x  10?  roentgens).  The 
vinyl  and  nitrocellulose  resins  are  least  resistant  to  radiation  and  are  only  satisfactory 
to  the  10 10  ergs  g"  *  (C)  exposure.  Exposure  up  to  500  F  has  little  effect  on  a  phenolic 
coating  at  8.  7  x  10*0  ergs  g'l  (C). 

Additives  such  as  pigments,  plasticizers,  and  other  coating  ingredients,  as  well  as 
the  type  of  surface  on  which  the  coating  is  applied,  influence  the  radiation  stability  of  the 
coating.  Coatir  gs  which  are  highly  pigmented  are  generally  more  resistant  to  radiation 
than  similar  gloss  coatings  containing  lesser  amounts  of  pigments.  Carbon  black  inhibits 
damage  due  to  radiation,  while  toluidine  red  has  little  effect.  Titanium  dioxide  appears 
to  accelerate  radiation  damage.  Coating  systems,  expecially  lacquers,  employing  wash 
primer  become  embrittled,  and  poor  adhesion  between  the  coating  system  and  the  sub¬ 
strate  occurs.  Degradation  begins  at  lower  doses  for  coatings  applied  to  steel  as  com¬ 
pared  with  coatings  applied  to  asphalt.  Applied  coatings,  irradiated  while  they  are  wet, 
do  not  have  the  stability  observed  for  coatings  which  have  been  dried.  Studies  show  that 
Alkaloy  (furane  base)  and  Epon-395  (epoxy  base)  coatings  have  good  chemical  resistance 
after  exposure  to  approximately  8.  7  x  10*0  ergs  g”  1  (C)  (10?  roentgens).  Amphesive- 
801,  a  modified  phenolic,  loses  its  resistance  to  sodium  hydroxide  and  the  organic  sol¬ 
vent,  hexone  (methyl  isobutyl  ketone),  as  a  result  of  irradiation.  Epon  1001  also  loses 
its  resistance  to  hexone  when  irradiated.  Epon-395  becomes  resistant  to  sulfuric  and 
hydrochloric  acids  as  a  result  of  gamma  irradiation.  The  approximate  radiation  resist¬ 
ance  for  selected  coatings  is  shown  in  Table  10. 
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TABLE  10.  APPROXIMATE  LIMITS  Of  RADIATION  RESISTANCE 
OF  SELECTED  ORGANIC  COATtNC.3 


Approximate  Radiation  Resistance 
Coating  ~  Ergs  g_r”(cT  Roentgens 


Phenolic 

>4.  4  x 

Silicone-alkyd 

8.8  x 

Alkyd  enamels 

40%  phthalic  anhydride 
MIL-D-5557 

8.  8  x 

3?%  phthalic  anhydride 

M1L-E-7729 

6.  1  x 

Epoxy 

4.  4  x 

Fluorinated  vinyl 

4.  4  x 

Nitrocellulose  lacquers 

4.  4  x 

10  ' 

>5  x  10^ 

o 

c 

10  11 

1  -  5  x  109 

1010  -  4.  4  x 

101  1 

1  -  5  x  109 

1010  -  8.  8  x 

to 10 

7  -  10  x  10® 

X 

CC 

CO 

1 

o 

o 

10  10 

5-  10  x  10® 

1010  -  8.  8  X 

10lC 

5  -  10  x  10® 

X 

o 

o 

10*0 

5  -  7  s  10® 

The  resirtsnce  of  organic  coating#  to  rauiation  can  be  prodictud  to  some  degree 
from  the  data  available  on  polymers  and  plastics.  However,  because  of  the  complicating 
factors  introduced  by  pigments,  plasticizers,  and  other  coating  ingredients,  exact  pro- 
dictions  of  a  coating's  resistance  to  radiation  can  bo  obtained  only  by  laboratory  or  field 
tasting. 

Twenty  different  experimental  and  specification  coating  systems  designated  for  use 
on  military  aircraft  were  irradiated  at, the  Naval  Air  Muterial  Center  in  thfi  Aeronautical 
Materials  Laboratory  cobait-60  unit.  Table  A-25  identifier  these  materials  and  lists 
the  effects  of  radiation  on  the  systems  at  four  different  doses.  Periodic  evaluation  of 
the  systems  after  irradiation  indicated  the  following  results: 

(1)  Most  of  the  topcoats  darkened  after  exposure  to  only  6.  7  x  109  ergs  g"  * 

(C)  (8.0  x  107  roentgens).  High  loadings  with  extender  pigment  appear 
to  contribute  to  the  color  change,  since  in  some  cases  the  nonspecular 
coatings  which  contained  large  amounto  of  extenders  exhibited,  some 
color  change,  whereas  no  color  changes  wore  evident  in  thoir  glossy 
counterparts, 

(2)  Nonspecular  coatings  which  contained  large  amounts  of  extender 
pigments  were  generally  more  resistant  to  radiation,  with  respect  to 
softening  ar.d  embrittlement,  than  similar  gloss  coatings  containing 
smaller  amounts  of  pigment. 

(3)  When  coating  systems,  especially  lacquers,  employing  primers 

were  irradiated,  the  <  n* '  •  •  yetern  generally  became  embrittled  and 
poor  adhesion  develop.  ‘on  the  coaling  system  and  the  metal 

sub  ;Jt  rate. 
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(4)  No  differences  were  noted  between  the  anodized  and  alodine- treated 
aluminum  surfaces  with  respect  to  film  properties  of  the  organic 
coatings, 

(5)  The  topcoats  least  affected  were  the  white  MIL- E- 5556  enamel,  the 
amber  MIL-R-3043  permanent  reBin  coating,  an  experimental  white 
silicone- alkyd,  an  experimental  white  all- silicone,  and  a  proprietary 
white  amine- catalyzed  epon, 


Screening  studies  were  performed  at  Oak  Ridge  National  Laboratory  on  23  mounted 
coatings  and  on  8  unmounted  coatings^®)  at  radiation  levels  up  to  10  *  ergs  g“  *  (C). 
These  materials  are  indentiiied  in  Table  A-26,  Of  the  23  mounted  coatings  tested,  only 
4  polymer- base  types  did  not  fail  at  the  maximum  dooe  used.  These  were  the  furanes, 
the  epoxies,  the  silicone- alkyds,  and  one  modified  phenolic  specimen  (Coatings  1,  6,  7, 
9,  11,  14,  15,  and  21  in  Table  A- 27).  Table  A- 28  shows  the  results  of  chemical  stability 
and  decontamination  tests.  The  furane-baae  and  epoxy-base  coatings  (Coatings  1  and  14, 
respectively)  showed  excellent  chemical  resistance  and  decontaminability.  Two  other 
coatings  of  similar  polymer  base  (Coatings  11  and  15)  both  lacked  solvent  resistance 
after  irradiation.  Table  A- 29  lists  the  effects  of  radiation  on  the  unmounted  coatings. 

Of  these  GE  Cocoon,  a  vinyl  polymer  was  best.  P  .etalned  its  flexibility  but  the  sur¬ 
faces  became  tacky. 


Minden^^)  found  that  an  epoxy  resin  primer  showed  very  good  radiation  resistance 
when  irradiated  for  20  hours  at  500  kw  at  300  F.  The  total  exposure  was  3.  2  x  10 14  n 
(E  >  2,  9  Msv)  and  4.  1  x  10^  ergs  g"  *  (C).  Baked  panels  gave  the  optimum  radia¬ 
tion  resistance  and  wore  resistant  to  JP-4  fuel. 


llor rocks  at  A£iD*40^  noticed  a  striking  difference  when  different  pigments  wore 
usud  with  the  same  resin.  White  titanium  dioxide  appears  to  Accelerate  damage  in  nitro¬ 
cellulose  Lacquers.  Toluidine- red  has  little  effect,  whereas  carbon  black  inhibits  radia¬ 
tion  dams  i.  A  valid  comparison  of  various  coating  systems  that  have  been  exposed  to 
gamma  radiation  cun  be  made  only  if  the  same  type  of  pigmentation  is  used  throughout. 
This  conclusion  is  similar  to  that  found  for  polyethylene. 


Horrocks  also  reported  results  of  teats  performed  on  six  organic  coatings:  phe¬ 
nolic,  silicone- alkyd  enamel,  nlkyd  enamel,  epoxy,  fluorlnated  vinyl  (copolymer  of 
trifluurochlorocthyleno  and  vinylideno  fluoride),  and  nitrocellulose  lAcquer,  Two  of 
these,  nitrocellulose  lacquers  and  alkyd  enamels,  are  widely  used  on  today's  aircraft. 

The  remainder  oithur  Am  used  to  a  limited  nxtent  or  are  being  contemplated  for  future 
applications.  All  of  those  coating  systems  were  applied  to  AZ31  magnesium  alloy  treated 
with  a  Dow  No.  7  chemical- conversion  coating. 

The  coatings  wore  evaluated  at  throe  different  radiation  levels:  8.  8  x  10^, 

8.  8  x  10 10,  ~nd  4.  4  x  10  l1  ergs  t>“  *  (C)  (1  x  10®,  1  x  109,  and  5  x  lO1^  ruentgena),  Con¬ 
trols  were  run  on  all  coatings.  Some  coatings  were  exposed  for  50  hours  at  250  and 
M)0  F  following  radiation  exposure  to  measure  the  combined  effects  of  radiation  and  heat. 
Thu  results  of  these  teals  are  presented  in  Table  11. 


In  general,  irradiated  phenolic  coatings  baked  50  hours  at  500  F  retain  their  prop¬ 
erties  belter  than  any  of  the  other  coalings  evaluated.  The  surface  appearance  of  test 
panels  remained  unchanged  after  exposure.  In  addition  to  maintaining  good  abrasion  re¬ 
sist,  im  o  and  adhesion,  the  coatings  were  little  affected  by  exposure  to  100  per  cent  rel¬ 
ative  humidity  at  1.10  F  for  28  days. 


P»wcJ<.  itr1** 
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Except  for  some  cros  slinking,  unbaked  silicone- a Lkyd  enamels  appear  to  lie  little 
affected  by  a  radiation  exposure  of  8.8  x  1  0  1 0  ergs  g"  1  (G)  (l  x  10®  roentgens).  However, 
a  radiation  exposure  of  4.  4  x  101*  ergs  g"  *  (C)  (5  x  10®  roentgens)  produces  c  rosslinking 
and  slightly  degrades  the  unbaked  coating. 

SiUcone-nlkyd  coatings  not  exposed  to  radiation  but  heated  50  hours  at  500  F  be¬ 
come  completely  discolored.  These  coatings  experienced  partial  destruction  of  the  resin 
by  oxidation.  However,  there  is  some  evidence  that  radiation  of  8.  8  x  10®  and 
8.  8  x  10*0  ergs  g"  *  (C)  (1  x  10®  and  1  x  10®  roentgens)  rearranges  the  silicone- alkyd 
resin  and  provides  it  with  more  heat  resistance.  Coatings  exposed  to  these  radiation 
levels  and  to  heat  exhibit  better  film  condition,  abrasion  resistance,  and  flexibility  than 
do  unexposed  coatings.  Exposure  to  4.  4  x  10**  ergs  g“  *  (C)  (5  x  10®  roentgens),  how¬ 
ever,  produces  oxidation  arid  crosslinking  of  the  resin,  and  causeB  the  coating  to  become 
powdery  and  brittle. 

After  exposure  to  8.  8  x  10*®  ergs  g"  ^  (C)  (1  x  10®  roentgens),  both  red  and  white 
32  per  cent  phthalic  anhydride  alkyd  enamels  become  embrittled  and  change  color.  This 
embrittlement  is  probably  caused  by  oxidation  and  crosslinking  at  the  double  bonds. 

Also,  after  exposure  the  white  enamel  e  dbits  a  large  increase  in  abrasion  resistance 
and  a  large  decrease  in  adhesion.  The  red  enamel  suffers  only  a  slight  decrease  in  adhe¬ 
sion  after  exposure. 

In  contrast  to  the  rod  and  white  alkyd  enamois,  the  black  32  per  c out  ohthalic  anhy¬ 
dride  alkyd  enamel  softens  when  exposed  to  8.  B  x  10*®  ergs  g"  *  (C)  (1  x  10'  roentgens), 
This  increased  softness  manifests  itself  by  decreased  adhesion  and  abrasion  resistance, 
and  by  greater  flexibility. 

The  properties  of  the  epoxy  coatings  are  severely  degraded  by  rudiiitioii  exposure 
with  one  exception,  1.  o.  ,  an  increase  in  thu  abrasion  resistance  of  unbittkod  coalings, 

The  poor  resistance  of  coatings  to  radiution  is  probably  duo  lu  excessive  e rmjulinklng 
and/or  degradation  of  the  aliphatic  portions  of  the  chains.  Also,  the  metal  coating  bond 
seems  to  be  preferentially  attacked,  us  evidenc  ed  by  the  marked  due  range  in  adhesion 
after  irradiation. 

Fluorinatod  vJnyl  coatings  are  uuunlly  fused  to  provide  good  adhesion.  Exposure  of 
unfusod  coatings  to  U.8  x  10l®  ergs  g"  1  (C)  (I  x.  10®  roentgens)  results  in  Improved  ad¬ 
hesion  and  abrasion  resistance.  However,  increasing  radiation  produces  e.rossliukiug 
and  bond- breaking  degradation,  and  causes  the  coating  to  lose  its  good  cohesion  and  cor¬ 
rosion  resistance.  Increasing  the  radiation  level  to  4.  4  x  10**  ergs  g*  *  (C)  (5  x 
10®  roentgens)  causes  the  unfit  lied  coating  to  blister  and  fluke.  Coatings  heated  at  250  F 
show  similar  results  except  that  adhesion  starts  to  decrease  at  a  lower  radiation  level; 
the  coating  begins  to  pool  and  flake  at  II.  B  x  10*®  ergs  g~  *  (C)  (  l  x  10®  roentgens). 

Extensive  degradation  of  all  physical  and  mechanical  properties  is  exhibited  by 
white  nitrocellulose  lacquers  after  exposure  m  B.  8  x  10*®  ergs  g“  *  (C)  (1  x  10®  roent¬ 
gens).  The  coatings  become  quite  porous  and  Ihoir  over-all  condition  is  poor.  The  same 
exposure  is  not  as  damaging  to  red  lacquers;  these;  lacquers  become  brittle  and  non- 
po rolls  after  exposure  but  their  adhesion  increases. 

With  the  exception  of  surface  damage,  the  properties  of  the  black  lacquers  are  im¬ 
proved  after  exposure;  such  coatings  exhibit  a  significant  increase  in  toughness  and 
adhesion. 


In  another  study^*),  llovrocks  used  a  white,  highly  pigmented,  porous  silicone- 
alkyd  (Plaskon  ST-8'73  resin).  The  high  pigmentation  caused  it  to  be  relatively  hard  and 
br  ittle.  The  excellent  humidity  resistance  was  due  to  the  porosity,  which  permits  free 
passage  of  water  vapor.  The  unbaked  sample  was  little  affected  by  radiation  to 
8.  8  x  10?  ergs  g"  *  (C)  {1  x  10®  roentgens).  This  exposure  produced  slightly  less  llexi- 
bility  but  better  adhesion.  Exposure  to  8.  8  x  10*®  ergs  g“  *  (C)  (1  x  10*'  roentgens) 
greatly  increased  adhesion  and  abrasion  resistance  and  slightly  decreased  reflectance. 
Further  exposure  to  4.4  x  1.0  *  *  ergs  g~  *  (C)  (5  x  10^  roentgens)  gave  a  considerable  de¬ 
crease  in  reflectance,  adhesion,  and  film  condition,  and  a  further  increase  in  abrasion 
resistance, 

Baking  alone  had  a  considerable  effect  on  the  sample.  The  coating  had  begun  to 
char,  cracked  in  the  flexibility  test,  and  had  less  abrasion  resistance.  Radiation  of 
8.  8  x  10^  and  0.  8  x  10*0  ergs  g“  *  (C)  {1  x  10®  and  1  x  10^  roentgens)  improved  abrasion 
resistance,  flexibility,  and  condition  of  the  film.  Further  radiation  to  4.  4  x  1 0 1 1  ergs 
g~  *  (C)  (5  x  109  roentgens)  decraasad  these  properties. 

The  author  explains  that  the  increase  of  apparent  adhesion  and  abrasion  resistance 
for  the  unbaked  samples  exposed  to  1  x  10®  and  1  x  10^  roentgens  indicates  embrittle¬ 
ment  caused  by  crosslinking  and  an  increase  in  actual  adhesion  due  to  more  bonding  with 
the  surface.  Exposure  to  4.  4  x  10**  ergs  g“  *  (C)  (5  x.  10^  roentgens)  further  Increased 
embrittlement  and  degraded  the  coating;  however,  there  was  an  additional  increase  in 
abrasion  resistance. 

The  change  in  properties  observed  in  the  baked  samples  indicates  that  thu  coating 
was  stabilised  by  radiation.  This  may  have  occurred  because  ran.ition  causes  thu  most 
oxygon™ labile  grouus  to  rearrange,  giving  the  coating  more  oxidation  resistance,  At 
doses  of  4.4  x  111**  ergs  g"  *  (C>)  (8  x  10^  roentgens)  the  coating  became  brittle  and 
powdery. 


Electrical  Insulation 


For  most,  insulators,  permanent  changes  in  electrical  properties  with  irradiation 
are  minor,  and  the  life  of  tho  insulation  depends  upon  its  resistance  to  mechanical 
damage.  Mont  plastics  used  for  insulators  havden  and  eventually  become  brittle  in  a 
radiation  field.  This  *'«sults  in  peeling  and  chipping,  especially  under  flexure.  Inor¬ 
ganic  insulators,  such  as  ceramics,  glass,  and  mica,  and  organic  -  inorganic  combinations, 
such  as  mica  and  glass  used  with  silicone  or  phenolic  varnishes,  can  bo  used  success¬ 
fully  in  high-temperature  and  high- radiation  environments.  Most  of  tho  plastics  can  be 
used  at  medium  radiation  Intensities  if  their  temperature  limits  are  not  exceeded. 

Teflon,  however,  lias  poor  radiation  resistance.  Twenty-five  per  cent  damage  is  accrued 
at  3.  4  x  10®  o  rgs  g*  *  (C);  however,  it  has  been  reported  useable  up  to  4.  4  x  10®  when 
immersed  in  oil.  (***) 

The  insulation  resistance  of  organic  materials  used  in  cables,  wire  insulation,  or 
seals  may  decrease  by  a  factor  of  10®  to  10^  for  gamma  irradiation  rates  of  in'*  to 
10^  r/hr.  This  is  generally  a  rate  effect,  but  permanent  damage  can  occur  for  large  total 
doses.  This  effect  could  cause  difficulty  in  high- impedance  circuits. 

Blasi(^)  carried  out  studies  to  determine  what  changes,  if  any,  take  place  in  the 
dielectric  properties  of  dieltu  trie  materials  while  they  are  exposed  to  nuclear 


5  2 


ii-  radiation.  Considerable  data  have  been  published  on  the  subject  of  permanent  damage 
sustained  by  materials  both  in  electrical  and  physical  properties,  based  on  measure  ¬ 
ments  made  before  and  after  irradiation.  Very  little  information  is  available  on  transient 
electrical  characteristics  exhibited  within  an  actual  nuclear  environment.  Teflon  and  a 
polystyrene,  Rexolite  14.12,  wore  used  in  these  studies.  The  samples  were  measured 
prior  to  irradiation  to  establish  reference  values.  Tests  were  conducted  immediately 
upon  introduction  of  the  radioactive  source  and  regularly  during  the  period  of  experi¬ 
mentation.  Finally,  the  samples  were  evaluated  at  intervals  up  to  10  days  after  their 
removal  from  the  radioactive  environment. 

The  Teflon  samples  were  exposed  to  irradiation  varying  from  3.  6  x  10-  roentgens 
per  hour  to  2.  5  x  10^  r/hr  as  a  function  of  its  distance  from  the  source.  Integrated  dose 
was  calculated  to  vary  from  l.  1  x  10*1  r  to  8,  0  x  10^  r.  The  polystyrene  sample  was 
exposed  to  an  integrated  dose  varying  from  4.  2  x  10?  to  2.  9  x  10®  r.  Within  tho  limits 
of  the  experiments  performed,  neither  Teflon  nor  the  polystyrene  showed  any  significant 
change  in  dielectric  properties. 

It  would  appear  that,  as  far  as  total  dose  is  concerned,  most  common  dielectrics 
could  bo  used  safely  in  a  space  vehicle  subjected  to  natural  radiation,  but  that  each 
proposed  material  should  bo  considered  carefully  for  transient  effects  before  actual 
selection  is  made. 

Irradiation  ionizes  silicone  dielectrics  causing  rearrangement  of  Lite  chemical 
structure  and  the  product  of  impurities.  Tho  rearrangement  causes  major  effects  on 

the  physical  properties,  The  rearrangement  and  the  impurities  produced  have  stgnifi 
cant  effects  on  some  of  this  dielectric  properties.  Since  some  of  the  impurities  are 
transitory,  some  of  the  effects  uro  also  transitory,  while  others  arc  permanent,  Those 
transitory  effects  in  some  silicone  dielectrics  uro  often  larger  thun  tho  permanent 
effects  and  occur  during,  ov  immediately  after  Irradiation,  The  transitory  effects  may 
limit  tho  performance  af  silicone  fluidu  as  dielectrics  during  radiation  exposure, 

In  general,  tho  physical  proportion  of  silicone  flu  us,  compounds,  elastomers,  and 
robins  are  damaged  by  irradiation  before  the  essential  dielectric  properties  are  signifi- 
cuntiy  and  permanently  affected,  Therefore,  the  effects  of  irradiation  on  the  physical 
properties  uro  tile  primary  factors  in  limiting  the  performance  of  silicone  dielectrics 
after  radiation  exposure. 


Flu  storm:  rs 

Irradiation  doses  of  less  thun  2  x  10**  ergs  g’  *  (C)  (200  mognrads)  have  little  sig¬ 
nificant  effect  on  the  dielectric  properties  of  silicone  elastomers.  The  physical  prop¬ 
erties  of  silicone  elastomers,  however,  are  affected  by  relatively  low  doces,  After  a 
dose  of  10**  ergs  g"  *  (C)  (100  megarads),  the  flexibility  of  the  elastomer  is  adversely 
affected.  For  those  numerous  applications  in  electrical  and  electronic  apparatus  where 
extreme  flexibility  ia  not  required  once  the  elastomer  is  in  place,  silicones  may  bo  suit¬ 
able  for  doses  of  2  x  10*1  to  5  x  10**  ergs  g"  *  (C)  (200  to  500  megarads).  Because  of  its 
heat  and  radiation  resistance,  silicone  rubber  is  being  specified  for  control  and  power 
cable  used  with  atomic  equipment. 


Christensen  of  Dow  Corning  Corporation  reports  that  irradiation  often  produces 
the  same  gross  effects  on  silicone  insulation  as  does  thermal  aging.  (^6)  The  result  is 
that  thermal  aging  and  irradiation  are  additive  to  a  certain  degree.  He  found  that  silicone 
resins  used  to  bind  and  impregnate  insulating  systems  seem  to  bo  the  most  radiation  re¬ 
sistant  of  alt  silicone  insulating  materials.  There  are  few  significant  effects  on  cithci’ 
the  physical  or  dielectric  properties  at  doses  lo  9.  1  x  10  *  ®  ergs  g- *  (C)  (1,  000  mega- 
rads).  With  proper  filler,  silicone  resins  are  satisfactory  to  10**  ergs  g"  *  (C).  Die¬ 
lectric  propertied  are  only  slightly  lowered  at  the  latter  exposure. 

Curriri  and  Smith^"^  have  studied  the  effect  of  high  te  -perature  and  nuclear  radia¬ 
tion  on  silicone  insulation  systems.  These  tests  were  made  on  random-wound  equipment, 
form- wound  equipment,  wire  and  cable,  and  a.  complete  motor.  The  silicone  insulation 
systems  and  constructions  are  identified  in  Table  A- 30.  Values  of  insulation  resistance 
for  Systems  A,  B,  C,  and  D  are  shown  in  Table  A- 3  l  for  exposure  to  ra  diation  at  200  C 
and  in  Table  A-  32  for  exposure  to  radiation  alone.  Tablee  A-  33  and  A- 34  show  the 
effects  of  gamma  radiation  at  room  temperature  and  200  C,  respectively,  on  silicone- 
rubber  formette  insulation  systems. 

Results  of  tests  on  silicone  rubber  used  as  wire  and  cable  insulation  o’. aw  that  this 
material  has  some  applications  at  25  C  for  doses  of  4.  5  x  11)^  to  1. 8  x  10*0  ergu  g'  *  (C) 
(50  to  200  megarads).  At  200  C,  the  life  is  estimated  to  be  between  4.  5  x  10®  and 
3.  6  x  10^  ergs  g-  *  (C)  (5  and  40  mega  rads),  depending  upon  the  mechanical  requirements 
of  the  application,  the  type  of  silicone  rubber  used,  and  the  construction  of  the  wire. 
Where  high  voltage,  moisture,  and  flexing  of  the  insulation  are  absent,  life  may  approach 
100  mogarads  At  200  C. 

A  ailicono-insuluted  motor  operated  satisfactorily  for  over  4,000  hours  at  200  C  in 
the  gamma- radiation  field.  The  motor  winding  nearest  the  radiation  source  received 
about  7.  7  x  10^  ergs  g~  1  (<J)  (85  inegavads).  Without  irradiation  this  Insulation  system 
has  a  life  greater  tliun  20  years  at  200  C.  Currinl*^  states  that  experimental  silic  one  - 
rubber  formulations  n re  being  developed  that  appear  to  be  more  resistant  to  xudiutlon 
than  those  evaluated,  Preliminary  tests  iudlcutu  that  these  new  materials  are  service¬ 
able  alter  exposure  to  high  temperatures  and  several  hundred  megariids.  These 
radiation- resistant  silicone  rubbers  are  not  yet  available  commercially,  but,  design 
engineers  can  anticipate  their  availability  for  future  applications. 

Further  proof  of  the  reliability  of  silicone  materials  used  in  insulation  Is  given  by 
Jnvitsc,  ('S®J  lie  reports  the  findings  of  Gurrin  and  Dexter,  Dow  Corning  Corporation,  in 
studies  of  dielectric  properties  of  silicones  during  and  after  irradiation.  Samples  wore 
exposed  in  air  at  25  C  to  u  multikiloeurio  cobalt- 60  source  emitting  gamma  rays  to 
approxinxately  1.  25 -Ivlev  energy.  Duty  cycle  was  about  20  hours  "On"  and  4  hours  "Off" 
per  day.  Doseo  ot  V.  I  x  10®  and  4,5  x  10*®  ergs  g"  *  (C)  (100  and  500  megarads)  were 
supplied.  Table  A- 35  Bhows  the  dielectric  properties  of  silicone  fluids,  elastomers,  and 
resins  after  irradiation  compared  with  those  prior  to  irradiation.  These  resins  show 
greater  resistance  to  radiation  effects  than  any  other  types  of  silicones.  Dielectric 
properties  of  the  filled,  solventlOBS,  silicone  resin  and  a  modified  silicone  wire  enamel 
were  essentially  unaffected  by  9.  1  x  10*®  ergs  g- *  (C)  (1,000  megarads). 

A  small  linear  decrease  in  dielectric  constant  and  dissipation  factor  was  observed 
with  the  silicone  elastomers,  particularly  at  frequencies  under  100  cycles  per  second. 

As  would  be  expected,  the  major  effects  on  elastomers  were  physical;  they  increased  in 
hardness  and  lost  flexibility.  Silicone  elastomers  may  be  suitable  in  applications  where 
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a  high  degree  oi  flexibility  is  not  required  at:  doses  lo  4.5  x  10  10  ergs  g  i  (C)  (500  mega- 
rads).  It  is  possible  that  reinforcement  with  glass  cloth  may  extend  life. 

in  tiie  same  article^®),  Javitz  reports  that  the  dielectric  constants  of  silicone  ma¬ 
terials  decrease  slightly  during  radiation  in  a  field  equivalent  to  dose  rates  greater  than 
1,8  x  10^  ergs  g”  1  (C)  (0.02  megarad)  hr"  1 ,  The  dissipation  factor  increases  consider¬ 
ably  when  a  strong  radiation  field  is  applied  while  resistivities  decrease.  Data  in 
Table  A- 36  indicate  that  the  silicones  are  suitable  as  dielectrics  when  the  radiation  dose 
rate  is  kept  at  9.  1  x  10^  srgs  g“  1  (C)  (0.  1  megarad)  hr-1. 

The  General  Electric  Company,  Cincinnati,  studied  the  serviceability  of  commer¬ 
cially  available  silicone- rubber- insulated  cable  of  the  types  used  in  jet  engines.  (49) 
Serviceability  was  judged  by  flexing  the  cable  after  irradiation.  These  materials  were 
scored  excellent,  good,  fair,  and  poor.  Good  materials  could  bo  flexed  180  degress  ten 
to  twelve  times  without  failure,  while  poor  materials  could  be  flexed  only  t%vo  or  three 
times  without  failure.  Table  A- 37  fists  the  results  of  preliminary  irradiation  of 
electrical- cable  insulations  and  Table  A- 38  identifies  the  materials  tested. 

Neoprene,  SBR,  and  silicone  elastomers  have  been  evaluated  for  use  as  electrical 
insulation.  (50)  The  neoprene  and  SBR  insulation  compounds  became  relatively  hard  and 
lost  their  flexibility  at  about  101()  ergs  g“  1  absorbed  dose  (100  megarads).  Electrical 
properties  for  these  compositions  were  not  determined  after  irradiation. 

Some  combined  environmental  tests  on  SBR  rubber  have  been  made.  An  S13K  wire 
Insulation  was  irradiated  at  room  temperature  and  at  188  F.  (Hi*l)  The  irradiated 
samples  were  then  tested  at  these  same  temperatures.  These  data  are  summarized  in 
Table  A- 39.  For  comparative  purposes,  the  effect  of  heal  aging  without  irrndiution 
is  included  in  the  table.  At  the  radiation  exposure*  used,  the  combined  environment  of 
heat  (158  F)  and  irradiation  caused  only  slightly  greater  loss  of  tensile  strength  and 
elongation  than  did  host  alone.  Hardness  increased  to  a  slightly  greater  value  when  the 
material  wuu  irradiated  Uu'm  when  subjected  to  heat  alone,  but  th»  change  i/i  hardness 
wus  about  equivalent  regardless  of  whether  exposure  to  radiation  was  at  room  tempera¬ 
ture  or  ut  188  F.  Samples  containing  antiradu  were  also  tested.  They  did  not  appear  to 
improve  llto  radiation  stability  of  the  SBR  wire  insulation  at  either  room  temperature  or 
tlie  158  F  exposures.  The  SUR  wire  insulation  was  one  of  the  most  radiation-  re  Distant 
commercial  compositions  tested  by  The  13.  F,  Goodrich  Co.  01*51) 

SBI1  wire-  Insulation  compounds  were  tested  for  compression  net  when  irradiated 
in  air  and  in  alkyl  diphenyl  ether.  (51)  Sam-due  wore  compruusod  25  per  cent  and  irrft- 
dtutod  while  compressed.  After  irrudiutlon  the  compression  sot  was  determined. 

Table  12  lists  the  dose  required  for  50  per  cent  set  as  well  as  the  compression  sot  after 
exposure  at  8.  23  x  109  ergs  g*  *  (C).  It  may  be  aeon  from  this  table  that  compression 
set  increases  when  the  material  is  irradiated  under  compression,  but  that  the  compres¬ 
sion  sot  when  irradiated  is  about  the  same,  whether  irradiated  in  air  or  in  alkyl  di¬ 
phenyl  ether.  Goodrich  workers  found  that  SBR  allowed  no  greater  resistance  to 
radiation- induced  compression  act  than  nitrile  rubber  or  neoprene.  (^  0 
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TABLE  12.  ROOM-TEMPERATURE  COMPRESSION  SET  OF  SBR  WIRE  INSULATION 
IRRADIATED  IN  AIR  AND  IN  ALKYL  DIPHENYL  ETHER  (C^-Cr,) 
HYDRAULIC  FLUID}  51) 


Antirad 

Medium 

Preirradiation 
Compi'essicn  Set 
Average  Average 
Time,  Set, 

days  per  cent 

Compression  Set 
After  Exposure 
at  5.  ’.3  x  iO^ 
Ergs  O'*1  (C), 
per  cent 

Dose  Required 
for  50  Per  Cent 

Compression 
Set,  ergs  g"  1 
(C)  x  10-9 

None 

Air 

46 

33.  9 

83.  3 

0,  70 

Akroflex  C 

Air 

45 

33.  9 

80.0 

1.  39 

Qu.nhydrone 

Air 

46 

40.  7 

87.8 

0.  78 

None 

Hydraulic  fluid 

69 

8.  9 

74.8 

0.87 

Akroflex  C 

Hydraulic  fluid 

69 

7.  5 

74.  1 

1.  64 

Quinhydrone 

Hydraulic  fluid 

66 

2.3 

74.  3 

0.  91 

Plastics  and  Resins 


With  plastics,  physical  properties  generally  degrade  before  electrical  properties 
are  seriously  affected.  However,  their  electrical  resistance  gradually  decreases  with 
time  during  irradiation,  recovering  after  removal  from  the  radiation  field.  Polystyrene 
and  polyethylene  show  good  insulation  properties  to  10^3  and  1 0 1 2  ergs  g"  l  (C),  respec¬ 
tively,  while  the  electrical  resistance  of  mica-glass  tape  impregnated  with  silicone  resin 
is  virtually  unaffected  up  to  10  i*  ergs  g“  *  (C).  (52,  53) 

Silicone  rosins,  In  general,  are  much  more  resistant  lo  radiation  than  silicone 
elastomers.  The  major  dielectric  properties  of  jolventiess  silicone  resin  are  not  dam¬ 
aged  by  gamma- irradiation  doses  as  high  as  1,000  megarads.  These  doses  also  have  no 
significant  effect  on  the  physical  Integrity  or  strength  of  this  material.  Although  (he 
radiation  resists  ce  of  this  material  is  believed  to  bo  typical  of  thole  of  most  silicone 
resins,  radiation  has  been  found  to  destroy  important  dielectric  properties  of  one  silicone 
molding  compound.  Thece  dicicctric  properties,  however,  are  restored  to  a  consider¬ 
able  degree  by  subsequent  hi^h-teniperature  exposure. 

J.  W.  Ryan(54)  reported  irradiation  tests  using  (1)  General  Electric  resins  81132 
and  1  1523,  (2)  phosphna sbestos  paper,  and  (3)  No.  3552  mica  tape.  The  first  material 
named  is  a  silicone  varnish  having  excellent  heat-resistant  properties.  It  is  enert  to 
moisture  and  to  acid  and  base  attack.  The  structure  of  this  material  is 
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It  wau  chosen  because  of  its  high  phenyl  content. 


So 


G.  E.  11523  is  a  silicone- bonded  licavv-wiiavc  '’lass-fabric  lam  in  ife,  Jt  is  uut- 
■s la  ding  fur  its  heat- resistant  and  flame- retardant  properties.  It  can  withstand  tempera- 
turus  to  250  C. 


The  phosphoasbeslos  paper  was  prepared  by  impregnating  an  asbestos  mat  material 
of  an  average  thickness  of  15  mils  with  a  saturated  solution  of  diammonium  phosphate, 
it  was  then  cured  at  400  C  for  6  hours.  Prior  to  their  use  for  this  study,  the  materials 
were  impregnated  with  a  silicone  oil  of  unknown  type  and  composition. 

The  mica  taps  was  made  from  selected  pieces  of  mica,  hand  laid  between  two 
layers  of  paper.  The  mat  was  then  impregnated  with  a  silicone  resin  and  given  a  partial 
cure. 


Table  13  lists  the  observations  of  appearance  and  condition  of  the  irradiated  insulat¬ 
ing  materials.  The  phospln,  .sbeatos  paper  was  the  most  stable  material  tested.  Be¬ 
cause  its  mechanical  properties  are  poor,  initially,  it  is  generally  used  with  a  varnish 
or  resin.  The  niica  tape  appeared  to  have  undergone  a  selective  decomposition  of  the 
binder,  which  became  brittle.  The  mica  flakes  were  not  discolored  or  affected  to  any 
appreciable  degree.  The  decrease  in  abrasion  resistance  has  been  accredited  to  the  de¬ 
gradation  of  the  varnish,  rather  than  to  decomposition  of  the  mica. 


TABLE  1  i.  OBShiK V/iTIONS  OF  APPEARANCE  AND  CONDITION  OF 
IRRADIATED  INSULATING  MATERIALS(a) 


Insulating  Materials 

Color  Chungs 

C  raxing 

Cracking 

Comments 

Exposed  at  Oak  Ridg 

o(W 

Silicone  (G.  E  81  132)  cable 
coils 

'turned  dark  brown 

•Slight 

None 

Embrittled 

Silicunn-gluHH  fG,  E  11521) 
laminate 

Turned  dark  brown 

None 

None 

Embrittled 

Silicone  (G  E  81132)- 
iinprugiiultid  #355 2 

'i'urnud  durk  brown 

Slight 

Slight 

Mica  unaffected 

Exposed  at  13rookhavcn(c ) 

Silicone  (G.  E.  81132)  cable 
c  oils 

Turned  green 

Heavy 

Slight 

Silicone -glass  (G  .  E  1  1523) 
laminate 

Dark  brown 

None 

None 

Embrittled 

Silicone  (G.  E  81132)- 
irnpregnated  #3.552 

Rosin  turned  green 

Slight 

Slight 

Mica  relatively 
unaffected 

{a)  Hy.in,  J.  W.  .  "lilfcd  of  Pile  K.nJialion  on  KU’rtric.i)  liiMil.itton".  Modern  I’lastir*,  31  (8),  MH-lMfl  ih4). 
(h)  rot.il  l* \poMifc  .ii  O.dc  Huly, c  .1.3  >  ln^}t  nvi . 

(  )  !  t.r.il  t  AjiuMifr  ,n  UroiildiRVfn  i«,3  x  h<  ^  ni  l. 
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The  results  of  these  tests  show  thru  the  dielectric  properties  of  silicone  insulation 
materials  are  not  permanently  affected  to  a  significant  degree  by  gamma  radiation. 
Dielectric  losses  during  irradiation  are  no  higher  than  before  or  after  the  exposure. 
Currin  concludes  that,  since  insulation  must  perform  both  electrically  and  physically, 
the  effects  of  radiation  on  physical  properties  limit  the  life.  (^5)  ^5  the  expected 

threshold,  dosage  is  between  4,  5  x  10^  and  1.8  x  lQlO  ergs  g"  ^  (C)  (50  and  200  megarads). 
At  200  C,  it  is  between  4.  5  x  10°  and  3.  6  x  10^  ergs  g“  ^  (C)  (5  and  40  megarada),  de¬ 
pending  upon  the  insulation  construction,  the  requirements  of  the  application,  and  the 
silicone  material  used.  For  many  nuclear  applications,  this  life  may  be  a  number  of 
yea’-s,  depending  on  the  radiation  intensity  involved. 

The  dielectric  strength  of  an  initiation  structure  composed  of  mica* glass  tape 
impregnated  with  silicone  rubber  was  studied  at  General  Electric  Company,  Schenectady, 
New  York.  (^)  Klein  and  Mannal  reported  that  the  presence  of  radiation  lowered  the 
breakdown  voltage  as  a  result  of  ionization.  An  increase  in  dielectric  strength  was  ob¬ 
served.  This  is  consistent  with  the  fact  that  the  particular  silicone  used  undergoes  addi¬ 
tional  polymerization  under  irradiation.  It  should  be  noted  that  the  change  in  dielectric 
strength  is  only  about  25  volts  per  8.  B  x  10^  ergs  g“  ^  (C)  (1()8  roentgens).  It  is  far 
smaller  than  that  usually  observed  on  irradiation  of  organic  insulation  structures. 

In  certain  design  applications,  it  becomes  desirable  to  seal  the  insulating  structure 
in  u  hermetic  enclosure.  Under  this  condition,  the  tendency  of  solid  organic  materials 
to  evolve  gas  when  subjected  to  nuclear  radiations  can  be  determinant  in  the  design. 

Figure  10  shows  the  rate  of  gas  release  from  a  silicone- varnish- impregnated  l'a«  simile 
winding  as  a  function  of  time  as  determined  by  Klein  and  Mannal,  The  volume  of  gas 
evolved  shows  no  decrease  in  rat*  after  a  period  of  about  1  month.  The  fractional  com¬ 
position  seems  then  to  be  approximately  constant.  Different  grouping  of  molecular  frac¬ 
tions  than  is  observed  under  nuclear  rudiation  rusults  from  high-temperature  pyrolysis 
of  the  materials  (Table  14).  The  author 'i  conclude  therefore  that  the  processes  induced 


Total  Exposure,  million  roentgens 


FIGURE  10. 


RATE  OF  GAS  EVOLUTION  FROM  G.  E,  SR-  i.i  SILICONE  RESIN 
AS  A  FUNCTION  OF  TOTAL  ACCUMULATED  IX)SF.(56) 
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TABLE  14.  GAS  EVOLUTION  FROM  THIN  FILMS  OF  SR- 32  DURING 
PYROLY SIS  (FILM  THICKNESS  10'-*  MM)<56) 


Time 

Temp,  C 

Evolution  Rate, 
microliters  /min 

Composition 

15  min 

90 

0.  5 

Methyl  trimer ,  tetrameihy !«» lane  and 

low-molecular-weight  3iiane9 

30  min 

95 

-- 

-- 

40  min 

135 

0.  25 

95%  4%  HjO,  1%  trimer 

70  hr 

135 

0. 0042 

95%  4%  trimer 

3  hr 

150 

-- 

CfcHfc,  H2O,  cyclic  trimer,  tetramers 

16  hr 

220 

50%  20%)  hsxamethyltr icyclosiiane 

Mylar  has  been  tested  as  insulation  in  small  moLors.  it  became  slightly  brittle, 

but  remained  serviceable  at  428  F  when  exposed  to  a  dose  oi  1.  4  x  10^  ergs  g“  *  (C) 

( 1 ,  6  x  10?  rep) . 

In  insulation  bludios,  it  was  l'ound  that  magnetic  amplifiers  encapsulated  in  an 
epoxy  rosin  changed  color  when  irradiated  to  5.  1  x  10(,>  ergs  g~  *  (C)  {6  x  13?  rep);  how¬ 
ever,  there  was  no  other  evidence  oi  deterioration. 

Throe  types  of  epoxy  potting  compound!)  woru  tested  at  the  Marquardt  Corporation, 
Nuclear  Systems  Division.  (58)  These  resins  showed  good  mechanical  stability  to  com¬ 
bined  neutron  and  gamma  irradiation  at  tuinpuratures  for  which  thu  resins  wore  formu¬ 
lated.  However,  such  compounds  are  probably  of  limited  usofulneas  because  of  the 
effects  of  nuclear  healing. 

Miller  and  Licbsc  hut«<*  ^  report  severe  crazing  of  stressed  polyethylene  irradlat.ed 
tu  high  doses.  Polyethylene- insululed  thermocouple  lead  wires  exposed  to  a  gamma 
exposure  dose  of  2.  5  x  10  1°  ergs  g“  *  (C)  cruised  considerably  in  the  stressed  areas. 
Vibration  dislodged  unctions  of  the  crazed  insulation. 

A  polyethylene  wire  insulation  reached  a  threshold  at  8,  7  x  10^  ergs  g‘  1  (C) 

(1  y.  10®  ruentguns)  according  to  another  report.  (M)  This  agrees  quite  well  with  the 
stability  of  polyethylene  as  given  above. 

Polypropylene  lias  been  examined  for  radiation  stability  and  found  to  be  inferior  to 
polyethylene.  At  an  exposure  close  where  polyethylene  has  degraded  by  25  per  cent, 
polypropylene  has  become  useless.  Even  at  room  temperature  and  low  relative  humidity, 
it  is  too  brittle  after  irradiation  for  use  as  electrical  insulation,  (^J)  yy.1  an  exposure  dose 
of  ft.  7  x  1()9  ergs  g-  '  (C),  U  becomes  brittle  ar  loses  all  of  its  etongation  and  most  of 
its  tensile  strength.  (62) 

Bendix  Systems  Division,  Ami  Arbor,  (63)  irradiated  a  number  of  electronic  com¬ 
ponents  under  varying  neutron  fluxes.  Radio  Set  5N/ARC-34,  Modulator  MU-  198,  was 
operated  in  a  nuclear  euvi  romneiil.  for  135  hours  at  varying  reactor  power  levels  equiva¬ 
lent  to  242  hours  at  a  1  megawatt  level.  This  model  was  exposed  to  a  total  neutron  flux 


of  approximately  4.  35  x  10  nvjrt  at  the  face  and  2.  44  x  lO1^  at  Un;  far  end,  resulting  in 
an  over-all  average  of  approximately  3,4  x  10  ^  nvft.  The  over-all  average  gamma 
dose  amounted  to  approximately  1. 45  x  10^  r  or  1.  27  x  10*  *  ergs  g~  *  (C).  The  following 
conclusions  can  be  drawn  from  the  results  of  this  test:  (1)  transformers  of  open  frame, 
cast- epoxy  type  construction  are  preferred  over  the  hermetically  sealed,  potted  types, 

(2)  printed- circuit  boards  of  ceramic  or  glass- fiber- epoxy  materials  should  be  used  in 
place  of  phenolic  boards,  (3)  all  point-to-point  wiring  should  be  done  with  glass-fiber  or 
epoxy- insulated  wir* 


Five  types  of  epoxy  insulating  and  potting  materials  were  also  irradiated  in  the 
above  tests.  The  integrated  fast- neutron  flux  at  the  end  of  the  experiment  was  about 
1.  3  x  10*°  nvft.  This  integrated  flux  is  based  on  an  average  fast- neutron  flux  of 
9  x  10^  nvft  for  the  samples  being  irradiated.  The  measured  fluxes  at  the  individual 
sample  positions  varied  from  7.  9  x  10^  to  1.  0  x  10*0  nvft.  Ml  types  appear  to  be  suffi¬ 
ciently  radiation  resistant  to  be  used  in  petting  applications  up  to  integrated  fast- neutron 
fluxes  of  10*°  nvft. 


The  effects  of  gamma  irradiation  on  the  thermal-aging  lives  and  the  electric 
strengths  of  a  wide  range  of  magnet  wire  insulations  were  determined  by  Kallander. 
Thane  experiments  were  conducted  by  exposing  the  insulation  samples  to  the  radiation 
field  and  then  to  the  thermal  and/or  voltage  fields.  It  is  realised  that  the  effects  of  ex¬ 
posure  to  radiation  followed  by  exposure  to  temperature  are  not  necessarily  the  same  as 
the  effects  due  to  the  einiultaueouis  exposure  of  the  insulation  to  the  radiation  and  thermal 
fields.  Consequently,  the  information  obtained  should  be  of  value  in  designing  and  evalu¬ 
ating  electrical  equipment  which  may  be  either  advertently  or  inadvertently  (such  as  an 
atomic  or  nuclear  blast)  exposed  to  radiation  and  then  placed  In  an  operational  status. 

It  was  found  that  radiation  affects  the  thermal  and  electrical  properties  of  the  dif¬ 
ferent  classes  of  insulation  to  a  widely  varying  degree  within  the  limits  of  radiation  dose 
considered.  The  extent  of  the  radiation  damage  ranged  from  very  little  dan. age  to  the 
polyester  combinations  even  at  the  highest  dose  considered  12.63  x  10**  orga  g'  *  (C)) 

(3  x  10**  roentgens)  all  the  way  to  total,  or  almost  total,  destruction  of  the  tetrafluoro- 
uthylene  combinations,  even  at  the  lowest  dose  considered  [8,  8  x  10^  ergs  g"  *  (C)J 
(1  x  10®  roentgens).  The  modified  polyester,  silicone  enamel,  glass- silicone,  polyvinyl 
formal,  polyvinyl  formal-nylon  combination,  and  epoxy  combinations  ail  give  intermedi¬ 
ate  results. 


Several  miniaturized  connectors  with  dielectric  materials,  such  as  phenolic, 
silicone  resins,  silicone  rubber,  melamine,  and  glass-filled  diallylphthalate  were  ir¬ 
radiated  at  the  Convair  Ground  Test  Reactor  at  Ft.  Worth,  Texas.  During  irradia¬ 
tion,  the  leakage  resistance  between  adjacent  pins  on  the  connectors  decreased  to  about 
one-tenth  of  its  initial  value;  after  irradiation,  all  units  returned  to,  or  exceeded,  their 
initial  leakage  resistance  within  15  minutes.  On  the  basis  of  preliminary  information, 
polyethylene,  silicone  resin,  and  vinyl  insulation  materials  appear  satisfactory  in  both 
electrical  and  mechanical  properties.  There  was,  however,  evidence  of  some  radiation 
damage,  including  HC1  outgassing  in  polyvinyl  chloride. 
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Film 


Mylar 


Oriented  films  appear  to  have  greater  stability  than  the  random  polymer.  Mylar 
(polyethylene  terephthalate),  an  oriented  polyester  film,  has  been  reported  stable  up  to 
10  1 1  ergs  g“  1  (C),  absorbed  dose  (109  rads),  when  subjected  to  electron  radiation.  (5  0 
On  the  other  hand,  Harrington!2*3)  indicates  Mylar  reaches  threshold  damage  at  an  ex¬ 
posure  dose  of  4,  4  x  100  ergs  g"  1  (C)  (5  x  IQ8  roentgens)  and  25  par  cent  damage  at  about 
8.  7  x  109  ergs  g-  1  (C)  (IQ8  roentgens).  Irradiation  in  vacuum  to  8.  7  x  109  ergs  g' 1  (C) 
produced  the  same  damage  aa  4.  4  x  109  ergs  g~  1  (C)  in  air,  indicating  that  oxidation 
plays  some  part  in  the  damage  induced.  Thermal  aging  of  Mylar  is  unaffected  up  to  200  C 
(392  F)  by  irradiation,  except  at  levels  above  1010  ergs  g“  1  (C). 

The  electrical  properties  of  Mylar  are  stable  to  an  absorbed  dose  of  10 10  ergs  g*  1 
(10®  rads).  During  irradiation,  the  dielectric  constant  and  dielectric  loss  undergo  sig¬ 
nificant  changes,  but  they  recover  on  removal  from  the  radiation  field.  (87)  it  takes  about 
12  days  for  a  2-mil  specimen  to  approach  a  quiescent  state  after  irradiation.  Dielcctric- 
loss  constant  and  dielectric  loss  show  no  permanent  1  -.se-rate  effoct.  With  respect  to 
some  properties,  however,  Mylar  does  exhibit  a  dose-rate  effect.  (87)  The  effect  of  ra¬ 
diation  on  Mylar  is  generally  less  at  higher  dose  rates.  For  example,  electric  strength 
(voltage  breakdown)  is  considerably  reduced  at  lower  dooe  ratesl87),  but  at  higher  dose 
rates  the  change  is  not  nearly  as  great. 


Polyethylene 

Polyethylene  la  unaffected  by  radiation  to  an  absorbed  dose  of  1,  9  x  109  ergs  g"  * 
(G)  and  accrues  25  per  cent  damage  ut  9.  3  x  I09  ergs  g"  *  (C).  Harrington  and 
Giberi  m^0)  observed  a  somewhat  lower  threshold  /alue  for  polyethylene  when  irradiat¬ 
ing  3,  5,  10,  und  15-mil  films.  There  were  no  major  differences  in  the  radiation  re¬ 
sistant)!  of  these  films.  All  showed  a  considerable  change  in  properties  between 
4,  4  x  108  urgH  g"  1  (C)  (5  x  108  roentgens)  and  8.  7  u  108  urge  g"  1  (C)  (107  roentgens). 
Thu  15-mil  films  showed  a  greater  increase  in  tensile  strength  at  lower  doses  than  the 
thinner  films, 


Polyethylene  is  subjected  to  oxidation  when  irradiated.  This  is  one  reason  that 
thin  films  are  degraded  at  lower  radiation  dosages  than  thicker  films.  However,  poly¬ 
ethylene  shows  very  little  postirradiation  oxidation.  'b8'  Samples  irradiated  by  cobalt- 60 
to  an  exposure  dose  of  6.  2  x  108  ergs  g"  *  (C)  did  not  undergo  oxidation  after  irradiation. 

High-density  polyethylene  is  much  more  crystalline  than  the  low-density  types,  and 
its  radiation  resistance  may  be  expected  to  bo  different.  A  2-mil  film  of  Murlex  was 
extremely  brittle  and  crumbly  after  4.  4  x  I09  ergs  g*  3  (C)  (5  x  It)7  roentgens).  Even  at 
4.  4  x  10®  ergs  g”  *  (C)  (5  x  108  roentgens)  tdongation  had  decreased  by  92  per  cent  and 
tensile  strength  had  decreased  by  12  per  cent.  However,  according  to  Harrington  and 
Qibursonf29) ,  in  thicker  films  Marlex  behaves  more  Like  the  lower  density  polyethylene. 
Table  15  shows  the  change  in  elongation  and  tensile  strength  with  increasing  radiation 
exposure  for  low-  and  high-density  polyethylene. 


TABLE  15.  MECHANICAL  PROPERTIES  OF  IRRADIATED  FOLYF.TV*  :’LENE(  <W) 


Material  and 
Thickness 

Exposure  Dose 

Initial  P  -n 

per  ties  and 

Per  Cent 

Change 

ergs  g-1  (C) 

roentgen 
x  10"6 

Elongation 

Tensile  Strength 

Per  Cent 

A  % 

Psi 

A  % 

Alathon  3,  NC-10 

(0.003  in.  ) 

0 

0 

380 

1915 

4.  4  x  108 

5 

-3.  7 

1.  1 

8. 7  x  108 

10 

-7.  9 

-2.5 

4.4  x  109 

50 

86.  8 

33.7 

8. 7  x  1010 

100 

-95.  8 

-32.8 

8. 7  x  1010 

100-V<a> 

-50.  0 

46.4 

Alathon  3,  NC-10 

(0.005  in.) 

0 

0 

510 

2330 

4.4  x  10s 

5 

5.  1 

9.8 

fl. 7  x  ioa 

10 

-3.  0 

-4.  2 

4.  4  x  109 

50 

•84.  1 

-42.  5 

8.7  x  1010 

100 

-84,  9 

-42.7 

8.7  x  1010 

100-V 

-67.  5 

8.  2 

Alathon  3,  HC-I0 

(0.  010  in.) 

0 

0 

570 

2825 

4.4  x  108 

5 

3.  0 

6.5 

8. 7  x  108 

10 

-3.  3 

»8.  2 

4. 4  x  109 

50 

-81.8 

-57.  2 

8, 7  x  1010 

1O0 

-91.6 

-57.  7 

B. 7  x  1010 

100  V 

65.  9 

1.6 

Alathon  3,  NC-10 

(0,015  in.) 

0 

0 

680 

2330 

4.4  x  108 

5 

10.  6 

17.8 

8.7  x  108 

10 

- 10.  9 

22.  2 

4. 4  x  109 

SO 

-82,  7 

-42.7 

8. 7  x  1010 

100 

•90.  4 

-40.  2 

8. 7  x  1010 

100-V 

-73.  1 

7.  1 

Murlox  50 

(0.  002  in.  ) 

0 

0 

600 

4280 

4. 4  x  108 

5 

-91.7 

-  12.  7 

8. 7  3  10s 

10 

-97.8 

-35.  3 

4. 4  x  109 

50 

-100.0 

-  100,  0 

8. 7  x  10l° 

100 

_  _ 

_  — 

8. 7  x  10 10 

100-V 

-95.  3 

-7.  5 

(n)  Irradiated  in  a  vacuum. 


Poiy  car  bo  i  tale 


Harrington  and  Gibersont*'0)  irradiated  polycarbonate  films  (Lexan  and  Macrofol), 
Figure  11  shows  the  chemical  and  physical  changes  induced  by  exposure  to  gamma  ra¬ 
diation  in  air  at  <15  G.  At  the  initial  exposure  dose  of  4.  3  x  10**  ergs  g“  1  (C),  these  ma¬ 
terials  exhibited  a  slight  improvement  in  both  tensile  strength  and  elongation.  Both 
properties  decreased  gradually  to  4.  3  x  10^  ergs  g“  l  (C).  Further  exposure  to 
8.  ?  x  10®  ergs  g*  *  (C)  increased  the  rate  of  degradation,  but  the  materials  were  in  good 
condition  and  possessed  much  of  their  original  flexibility  and  toughness.  When  exposed 
to  2.  6  x  10 10  ergs  g"  1  (C),  L<exan  became  quite  brittle  and  could  not  be  tested  for  physi¬ 
cal  properties. 


FIGURE  11.  CHEMICAL  AND  PHYSICAL  CHANGES  IN  A  POLYCAllBONATE 
PLASTIC,  WHICH  WERE  INDUCED  BY  EXPOSURES  TO 
GAMMA  RADIATION  IN  AIR  AT  25  C 

Tho  properties  of  M&crofoi  were  changed  about  equally  fur  both  air  and  vacuum 
irradiation*  to  8.  7  x  10®  ergs  g*  *  (C)  1 1  x  10®  roentgens).  This  would  indicate  Unit 
oxidation  does  not  play  a  major  role  in  the  degradation  of  curbonulo  plastics.  It  in  sug¬ 
gested  that  chain  cleavage  or  dapolyimn'Uullon  may  be  responsible  for  the  radiation 
damage, 


Polyvinyl  Chloride 

The  radiation  stability  of  polyvinyl  chloride  appears  to  bo  directly  related  to  sam¬ 
ples  thickness.  An  80- mil  thick  Gcon  2046  compound  was  found  in  be  stable  to  nuclear 
radiation  to  an  absorbed  dose  of  1,9  x  10®  ergs  g”  *  (C)  and  changed  by  25  per  cent  at 
1.  1  x  10*®  ergs  g~  *  (C).  Harrington  and  Glboraon^?)  r  eportud  two  additional  Geun 

compounds,  8630  and  8640,  had  somewhat  lower  radiation  stability.  These  compounds 
were  4  and  20  mils  thick,  respectively,  and  showed  a  radiation- sensitive  threshold  fit  an 
exposure  dose  less  than  4.  4  x  10®  ergs  g"  *  (C)  (5  x  10^  roentgens)  and  25  per  cent  dam¬ 
age  at  approximately  4.  4  x  10®  ergs  g- 1  (C)  (5  x  '.U7  roentgens).  Table  16  lists  the 
changes  in  elongation  and  tensile  strength  found  by  Harrington  and  Giber  son.  These 
data  show  that  the  thicker  samples  arc  the  more  stable,  especially  at  the  lower  expo¬ 
sures  levels. 
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TABLE  16.  CHANGK  IN  PHYSICAL  PROPERTIES  OF  POLYVINYL  CHLORIDE  IHJE  TO  IRRADIATION^ 


Exposure  Dose _  _ _  EloiiKStlon _  Tensile  Strength 


ergs  g“l  (Q 

roentgens  x  !C-8 

Per  Cent 

A% 

Psi 

A% 

<ieon  8630 

0 

0 

243 

2563 

(O.OO'i  in.) 

4.4  X 10° 

£ 

••10.7 

-25.  C 

8.7  X  10B 

10 

-21.3 

-34.  S 

4.4  X  10‘’ 

SO 

-26.5 

-36.  2 

8,7  X  109 

too 

-38.8 

-31.6 

Geon  8630 

0 

u 

300 

2736 

(0.020  in.) 

4.4  X 108 

5 

4.0 

-5.7 

8. 7  X  108 

10 

4.6 

-6.2 

4.4  X  10<> 

60 

-19.2 

-10.2 

8.7  X  10° 

100 

-23.3 

-G.O 

Geon  8640 

0 

0 

226 

3130 

(0.004  in.) 

4.4  X  108 

6 

-8.8 

-13.3 

8. 7  X  108 

10 

-11.8 

-28.1 

4.4  X  10® 

SO 

-44.4 

-44.4 

8.7  x  10° 

100 

-46.7 

-42.3 

8.7  x  108 

100 -v<») 

-29.1 

-22.4 

GlO(i  M4Q 

0 

0 

326 

3680 

(0.020  in.) 

4,4  X  108 

6 

-6.3 

-8.1 

8.7  x  108 

10 

-2.2 

-4.1 

4.4  X  10® 

60 

-22.2 

-32.0 

,  , 

8.7  X  10® 

100 

-  . 

-32.3 

-81.8 

(»)  ItrtdUud  In  vacuum. 
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Standard  aircraft  and  missile  hose*  and  coupling*  contain  organic  polymeric  ma¬ 
terial*  which  are  affected  significantly  by  nuclear  radiation.  To  determine  the  func¬ 
tional  life  of  these  items  whan  exposed  to  radiation,  some  test*  have  been  conducted  at 
controlled  condition*  of  temperature,  pressure,  type  of  internal  fluid,  and  radiation- 
exposura  rata.  Buna  N,  a  solvent- resistant  synthatic  rubber,  and  Teflon,  a 
temperature- re  Blatant  plnatic,  ware  the  hoee  material*  used  in  most  of  these  teets. 

Table  17  eummariees  gamma- radiation  teats  conducted  by  General  Elactric-ANP 
Division,  Cincinnati,  Ohio,  under  conditions  simulating  actual  operation  for  a  npocified 
time  or  until  leakage  occurred.  Of  these  two  type*  of  hose  materials,  Buna  N  was 
affected  less  by  the  radiation  and  appeared  to  be  functionally  satisfactory  at  exposure 
dose*  up  to  about  4  x  10^  ergs  g"  1  (C),  at  temperatures  up  to  350  F  and  stutic  pressures 
of  1,200  puig.  An  intermittent-pressure  test  (0  to  1,000  at  350  F  indicated  Buna  N 

to  be  satisfactory  to  at  leaat  1  x  10®  ergs  g"  1  (C). 

The  Teflon-hose  tests  at  similar  conditions  showed  that  this  material  failed  at 
lower  exposure  dosea  -  about  1  x  10®  ergs  g"  1  (C)  for  static  pressure  and  1  x  10?  ergs 
g”  *  (C)  for  intermittent  pressure.  The  exposure  dosage-failure  relationship  was  practi¬ 
cally  independent  of  temperature  from  100  to  350  F.  An  empirical  correlation  of  dosage, 
time  to  failure,  and  temperature  was  derived,  W 
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Nitrile- rubber  hoses(^)  were  used  by  Barnett  and  Baxter  at  General  Electric  in 
simulated  turbojet  accessory  systems.  They  were  satisfactory  at  temperatures  from 
190  to  3GQ  F  at  a  gamma  dose  of  1.  75  x  10®  ergs  g“  ^  (C).  The  fluids  used  were  MIL.  F- 
7024  Biel,  MIL-7808C  lubricant,  and  a  high- temperature  hydraulic  fluid,  OS-45.  Fluid 
pressure  was  varied  from  75  to  1,'JOO  psig  at  10  cycles  per  hour. 

Workers  at  The  B.  F,  Goodrich  Go.  ^  ^  conducted  tests  on  the  combined  effects 

of  radiation  and  elevated  temperatures  on  rubber  compounds.  In  these  tests  a  hose  tube 
stock,  based  on  Neoprene  GN,  was  irradiated  and  tested  at  room  temperature  and  158  F. 
The  results  of  these  tests  are  shown  in  Table  A-40.  This  stock  was  also  irradiated 
while  compressed  25  per  cent,  and  the  compression  set  determined.  Table  18  gives  the 
compression  set  after  irradiation  both  in  air  and  while  immersed  in  an  alkyl  diphenyl 
ether  (C14-  C16)  hydraulic  fluid.  Neoprene  is  reported  to  swell  badly  in  the  alkyl  di¬ 
phenyl  ether  hydraulic  fluid. 


TABLE  18.  COMPRESSION  SET  OP  NEOPRENE  AIRCRAFT  COMPOUNDS  IRRADIATED  IN  AIR  AND  KN  ALKYl,  DIPHENYL 
ETHER  <014-c16)  HYDRAULIC  FLUID(61) 


Compound 

Antirad 

mom 

Prelrradlation  Coiupreition  Set 
Average  Time,  Average  Set, 

dayi  pet  cent 

Compreiilon  Sot  After 
Expoiure  at  G.  23  x 
109Ergj  U-l  (C) 

Doie  Required  for 
00  Per  Cent 
Compreiilon  Set, 
10»  Ergi  tl'l(C) 

Wire 

None 

Alt 

40 

40.3 

81. 1 

1  OS 

lmulitlon 

Akroflex  C 

Air 

46 

40.0 

78.  S 

1..31 

Qululiyiflroue 

Alt 

40 

40.4 

70,2 

1.87 

None 

Hydraulic 

10 

37,4 

80.3 

1.07 

Akroflex  C 

fluid 

04 

40.  1 

83.  8 

l.  38 

Qulnliydrcme 

07 

.T>,0 

70.  7<»> 

Packing 

None 

Air 

40 

20.4 

7ft,  3 

1. 31 

compound 

Akroflex  C 

47 

1(1.  2 

1ft.  8 

2.  IB 

Quinhydione 

40 

42,  0 

82.3 

0,  70 

None 

Hydraulic 

73 

8,7 

87  3 

1.22 

Akroflex  C 

fluid 

71 

7. ) 

70,7 

1.80 

Qulnhydrone 

73 

23,0 

7(1,  3 

1.20 

Mote  tube 

None 

Air 

48 

38.  f, 

74.  1 

1,48 

stock 

Akroflex  C 

48 

42.  7 

to,  1 

1.  00 

Qutnti  ydronc 

48 

32. 7 

10.  1 

1.00 

None 

Hydraulic 

70 

25.  1 

77.3 

1.  00 

Akroflex  C 

fluid 

07 

30.  7 

75.  V. 

1.  32 

Quinli  ydronc 

r»!> 

20,  1 

T.K 

1.07 

(a)  Cotnprcisir.n  let  after  exposure  at  4.30  x  109  rrgi  g"^  <C). 


Laminates 


The  reinforced  plastic  materials  currently  used  fur  structural  applications  in  air¬ 
craft  consist  primarily  of  glass  fabrics  laminated  witli  a  thermosetting  resin.  The 
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principal  organic  binders  generally  used  for  these  laminates  are  silicones,  phenolics, 
polyesters,  heat-resistant  polyesters,  epoxy,  and  heat- resistant  epoxy  resins. 

Several  silicone,  phenolic,  polyester,  epoxy,  and  polyurethane  resins  were  ex¬ 
amined  by  Tomashot(^O)  as  components  of  glass  fabric  laminates  to  be  used  as  plastic 
r  a  dome  materials  in  a  nuclear  environment.  The  mechanical  properties  of  the  mate¬ 
rials  were  not  significantly  affected,  except  for  Epon  1001  (an  epoxy  resin)  at  doses 
through  8.  7  x  10*0  ergs  g“  *  (G).  The  failure  of  Epon  1001  was  thought  to  be  due  to  the 
catalyst  used.  The  style  of  weave  used  in  the  glass  fabric  did  not  noticeably  affect  the 
durability  of.  the  finished  laminate  to  environmental  conditions.  None  of  the  materials 
showed  any  significant  change  in  electrical  properties  due  to  radiation. 

These  materials  were  irradiated  in  a  gamma  flux,  not  in  a  mixed  flux  of  gammas 
and  neutrons.  It  has  not  been  determined  whether  neutron  doses  would  adversely  affect 
the  glass  fabrics.  Also,  the  heat-resistant  materials  were  heated  after  irradiation; 
simultaneously  heating  and  irradiating  the  materials  may  give  different  results.  The 
results  of  these  testa  are  shown  in  Table  A- 41. 


IHghbergor^  *)  irradiated  two  other  radome  materials,  a  TAC-polyoster  laminate 
and  a  nilirone  laminate  in  a  mixed-flux  environment  (1.  7  x  10^  ergs  g"  *  (C) )  at  ambient 
temperature.  Mechanical  teats  were  performed  in  a  dry  atmosphere  at  room  tempera¬ 
ture,  at  450  F  and  after  a  1 /2-hour  exposure,  und  at  500  F  after  a  100-hour  exposure. 
Thu  polyester  laminate  displayed  less  deterioration  in  strength  arid  modulus  when  tested 
at  elevated  temperatures,  whereas  the  silicone  laminate  was  better  at  room  tempera¬ 
ture.  The  results  of  those  tents  are  eummnrixed  in  Table  A -42.  Mixer,  at  Stanford 
Research  Institute^2),  studied  the  effects  of  radiation  mi  structural  laminates  made 
from  eight  resin- catalyst  systems.  These  wore  irradiated  to  10  11  ergs  g"  *  (C)  to  de¬ 
termine  the  threshold  fur  damage.  Laminates  irradiated  Included; 


Resin-Catalyst  System 


Rosin  Type 


Epon  t)2!l  4  Curing  Agent  A  Epoxy 

Epon  1001  4  dicynndiumldo  " 

Epon  X-  131  4  BFa'100  " 

Epon  X- 1  11  i  dlcyniHll.iinidt!  " 

Laminae  4232  4  benzoyl  peroxide  Polyester 

Solectron  5004  f  benzoyl  peroxide  " 

GTE  91-LD  Phenolic  Phenolic 

DC- 2101,  4  XY-  16  Silicone 


According  to  Mixer,  all  of  the  laminates  failed  by  about  50  per  cunt  at  10  l  4  t,rgs 
g  *  (C),  except  the  phenolic  CTL  Vl-LD  which  maintained  all  physical  properties,  with 
the  possible  exception  of  compressive  strength,  at  500  F.  (See  Table  A- 4  I . )  In  com¬ 
paring  llie  work  of  Mixer  with  that  of  Tomaahot,  it  will  be*  noted  that  there  is  a  decided 
drop  in  strengths  of  these  laminates  between  the  radiation  doses  of  H.  7  x  10  10  ergs  i>~  * 
(C)  and  8.  5  x  10^  ergs  g_  *  (C).  The  only  exception  is  the  aforementioned  phenolic  ma¬ 
terial  CTL  91-LD. 

The  effects  of  radiation  on  12  kinds  of  larninatcb  were  studied  by  Bauer. lein^  ^  at 
Convair,  Fort  Worth,  Texas.  Of  the  twelve  kinds  of  laminates,  six  were  impregnated 
with  phenolic  resin,  four  with  epoxy  resin,  and  two  with  polyester  resin.  Irradiation 
was  carried  out  at  four  dose  levels  and  at  an  uncontrolled  ambient  temperature 


67 


estimated  to  be  bcLween  70  and  80  F  fur  the  three  lower  doses  and  approximately  160  F 
for  tile  highest  dose.  Average  test  results  for  each  set  of  test  specimens  are  tabulated 
in  Table  A- 4.5.  Bauerlein  also  examined  the  effects  of  radiation  on  Ilexcel  91LD  and 
1  It x c el  F-  120  honeycomb  core  reinforced  with  glass  fiber.  (74)  Both  materials  had  a 
phenolic- resin  base.  The  same  temperatures  and  doses  used  in  the  preceding  work 
were  used  in  this  experiment. 

A  review  of  the  four  dose-level  groups  reveals  that  no  elfects  due  to  the  varying 
dose  can  be  detected.  The  average  compressive  strength  of  the  control  specimens  and 
the  average  specimen  strength  of  each  of  the  four  dose-level  groups  for  both  types  of 
honeycomb  core  are  shown  in  Table  A- 44.  The  difference  between  the  maximum  and 
minimum  strength  of  the  specimens  within  each  group  ranged  from  130  to  250  psi. 
Hauerlein  concluded  that  the  compressive  strength  of  neither  Hexcel  91LD  nor  Hexcel 
F-120  honeycomb  core  reinforced  with  glass  fiber  was  affected  by  the  various  dose 
levels.  The  honeycomb  cores  are  suitable  from  a  compression  standpoint  for  use  in  a 
nuclear  environment  that  does  not  exceed  the  equivalent  of  9.  3  x  10^  ergs  g~  *  (C)  gamma 
dose.  Plans  arc  under  way  to  study  the  suitability  of  these  materials  under  environ¬ 
mental  ir 'radiation  conditions.  Othov  physical  properties,  such  as  tensile  strength  and 
modulus  of  rigidity,  are  being  studied. 

Studies  of  laminated  plastic  radome  materials  have  shown  them  to  bo  essentially 
unchanged  by  radiation  with  respect  to  dielectric  constant  and  loss  tangent.  (^)  Their 
•  election  is,  therefore,  mainly  determined  by  structural  stability  under  conditions  of 
heat,  stress,  and  radiation. 


Silicone  Laminates 


Glass  laminates  fabricated  with  silicone  resins  show  exceptionally  good  radiation 
resistance.  They  reach  a  threshold  of  degradation  when  exposed  to  gamma- radiation 
doses  to  10 1*  ergs  g‘  1  (C).  Phenolic- silicone  laminates  show  even  bettor  resistance 

to  radiation.  Bopp  and  Sismun(7^>  report  that  the  hardening  of  silicone-glass  laminates 
imllcutes  that  crosallnklug  is  the  predominant  radiation- produced  process, 

Kallcir(^)  determined  the  threshold  of  degradation  caused  by  gamma  radiation  for 
silicone-  gluoo  fiber  reir. forced  laminates  and  studied  the  combined  effects  of  heat  und 
radiation  on  those  lam'natos.  At  room  temperature,  silicone  laminates  reach  threshold 
damage  at  about  10l*  ergs  g“  *  (G).  However,  tensile  strength  door  riot  drop  off  until 
2.  49  x  10  *  l  ergs  g"  *  (C).  The  combination  of  heat  and  radiation  was  no  more  detrimen¬ 
tal  than  heat  alone  to  the  flexural  strength  of  these  laminates,  except  at  the  highest  ex¬ 
posure  dose  1  If.  3  x  10)1  ergs  g~  1  (C)j.  (See  Table  19.  )  The  wet  flexural  strength  of 
silicone  laminates  irradiated  at  li.3  x  i0^  ergs  g“  1  (C)  is  approximately  60  per  cent  of 
control  strength.  The  compressive- tout  results  after  1/2  hour  at  600  F  in  air  show  de¬ 
gradation  at  8.  3  x  10  1  1  ergs  g"  *  (C)  and  at  2.  49  x  1 0  1  1  ergs  g"  1  (C.)  after  o.  2-hour  boil, 
The  tensile  -  test  results  after  a  2-hour  boil  show  degradation  at  B.  i  x  10^1  ergs  g"  *  (C). 
The  results  of  these  tests  are  uumina r iv.ed  in  Tables  20  and  21. 

Flexural- strength  loss  in  silicone- gin ss  cloth  laminates  irradiated  at  500  F  has 
been  found  to  be  due  to  the  effect  of  heat  rather  than  to  irradiation.  The  flexural 
st  ••'•’’"til  of  laminates  exposed  to  4.  IS  x  10li  ergo  g~  *  (C)  at  500  F  (100  hrs)  was  only 
about  IS  per  cent  less  than  that  of  laminates  exposed  to  S00  F  with  no  irradiation.  How¬ 
ever,  flexural  strength  of  the  laminates  exposed  to  heat  alone  for  the  same  period  of 
time  decreased  to  approximately  42  per  <  enL  of  Lhe  original  value. 


ASLE  19.  MEuHAMCAL  PROPERTIES  CF  GLASS  FA3SJC-P.HNFDRCEO  PLASTIC  LAMINATES  AFTER  IRRADIATION^ 
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TABLE  20.  MECHANICAL  PROPERTIES  OF  GLASS-FABRIC-REINFORCED  SlUCONE  LAMINATES 
AFTER  IRRADIATION  (®) 


TeniUe, 

Compreulve, 

Compreulve, 

Flexure, 

Flexure, 

Flexural  Modului.  10®  Ml 

2-Hour 

2-Hour 

1/2  Hour  at 

2-Houi 

1/2  Hour  at 

2-Hour 

1/2  Hour  at 

Exposure 

Material 

Boil,  pti 

Boil,  pti 

600  r,  psl 

Boil,  pil 

500  F,  pil 

Boll 

500  F 

Control 

SUlcirae 

21,380 

4.480 

6,440 

23,160 

12,940 

2.05 

1.68 

8.3  x  1010 

34,280 

6,900 

0,000 

10,800 

13,640 

1.93 

1.88 

2.49  x  1011 

33,000 

3,230 

1,400 

8,110 

13,605 

-- 

-• 

8.3  x 1011 

19,240 

— 

1,180 

1,680 

8,980 

2.42 

1.31 

-at 


TABLE  21.  MECHANICAL  PROPERTIES  OF  GLASS-FABRIC -REINFORCED 
SILICONE  LAMINATES  AFTER  IRRADIATION  AT  ELEVATED 
TEMPERATURES^ 


Radiation, 

Expoaitre 

Ultimate  Flexural 

1 09  erg« 

Temperature, 

Time, 

Strength, 

Moduluti, 

Material 

Teet 

r1  (c) 

F 

hour* 

pel 

10?  D.i 

Silicone 

Flexure 

Noun 

Room 

None 

31,760 

3.06 

8.  3 

Room 

200 

31,460 

2,94 

None 

300 

50 

12,390 

1.90 

2.  1 

300 

50 

13,625 

2.0 

None 

500 

100 

13,410 

2,0 

4.  15 

500 

100 

11,720 

2,0 

None 

500 

200 

H,  060 

2.0 

8.  3 

500 

200 

9,860 

1.9 
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Asbestos-  silicone  laminates  have  boon  tested  at  room  temperature  and  have  shown 
no  apparent  change  in  properties!  >7)  to  an  absorbed  dose  of  1.  I  to  i.  0  x  10***  ergs  g' * 

(C)  (1.  1  to  7-.  0  X  10°  rads).  At  6  x  i()i°  ergs  g"  1  (C)  (6  x  10®  rads),  tensile  strength 
increased  10  per  cent,  shear  strength  decreased  5  per  cent,  hardness  increased  5  per 
cent,  while  the  gas  evolved  amounted  to  7  ml/g. 

A  silicone- glass  cloth  laminate  exposed  to  a  gamma  flux  of  1.  3  x  10**  photons 
cm"  ^  sec"  ^  for  a  period  of  3  months  suffered  neither  color  nor  dimensional  changes. 
Assuming  an  average  photon  energy  of  1  Mev,  this  is  a  dose  of  about  5  x  10 10  erga  g“  1 
(C).  However,  its  insulation  resistance  jumped  from  10**  to  9  x  10^  megohms.  m  Thus, 
it  appears  that  fillers  such  as  glass  cloth  improve  radiation  resistance. 

Warrick,  Fischer,  and  Zack^7®)  Btudied  the  effect  of  radiation  on  two  silicone 
resin- glass  laminates,  DC-  2106  and  DC- 2105.  The  results  of  these  tests  are  presented 
in  Table  22,  At  room  temperature  the  flexural  strength  decreased  approximately  12  per 
cent  for  DC-2106  and  35  per  cent  for  DC-2105  at  8,  3  x  10*0  ergs  g"  1  (C)  (10^  rads).  At 
250  C,  and  the  same  radiation  dose,  the  flexural  strength  of  the  nonirradiated  samples 
had  dropped  64  per  cent  for  DC-2106  and  90  per  cent  for  the  DC-2105  resin.  After  ir¬ 
radiation,  the  drop  in  these  values  at  250  C  was  57  and  75  por  cent,  respectively.  Thus, 
it  appears  that  the  degrad&tive  effect  of  heat  alone  la  greater  than  that  resulting  from  a 
combination  of  heat  and  radiation. 


TABLE  22.  EFFECTS  OF  RADIATION  ON  SILICONE -GLASS  LAMINATES ( 78) 


Resin 

Flexural  Strength,  psi 

Original 

After  8,  3x  1010  ErgsG"  1  (C) 
(109  R«d,) 

Tented  25  C 

2106 

41,406 

36,200 

2105 

40,700 

26,500 

Tested  290  C 

2106 

14,700 

17,600 

2105 

4,  180 

9,970 

Samples  of  MS  2103  and  MS  2104  laminates  made  with  Y-227  glass  cloth,  supplied 
by  Fothurgill  and  Harvey,  Limited,  Littlcborough,  Lancashire,  England,  wore  press 
cured  for  30  minutes  at  175  C. !  Flexural  strengths  wore  measured  at  250  C  after 
exposures  to  2.  7  x  10^  ergs  g“  *  (C)  {31.  5  Mrep)  of  gamma  2\iys.  Since  no  improvement, 
such  as  would  be  obtained  with  an  oven  cure,  was  noted,  it  is  apparent  that  the  radiation 
dose  had  little  or  no  effect,  oven  though  such  an  .amount  of  radiation  has  a  large  effect 
on  dimethyl  silicone  rubbers. 


At  an  integrated  dose  of  2,  5  x  10*  ergs  g"  *  (C)  [  6  x  10  *"*  n  cm"^  for  fast  neutrons, 
6  x  iO*^  (nv0)t  for  thermal  neutrons,  and  5  x  10**1  photons  cm" for  gamma  rays], 
Johnson  and  Sicilio  at  Cunvair  found  that  tensile  strength  and  tear  resistance  decreased 
for  Orion  laminated  with  DC- X- GO  l  5 A  silicone.  (80)  (See  Table  A-45,  )  No  significant 
change  in  these  same  properties  was  noted  when  Dacron  was  laminated  with  DC-X- 
G015A  silicone.  Glass  cloth  laminated  with  silicone  (postfor.iiahle  sheet)  showed  a  de¬ 
crease  in  water  absorption  and  dielectric  strength  and  an  increase  in  arc  resistance. 

No  significant  differences  were  noted  in  oilier  properties  at  this  dose. 


Phenolic  Laminates 
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As  mentioned  previously,  phenolic,  polyester,  epoxy,  and  silicone  laminates  had 
been  irradiated  to  8,  7  x  10*®  ergs  g- 1  (C)  by  .Turnashot^®'  at  WADC.  KolLcd°)  ex¬ 
tended  this  study  to  include  doses  In  8.  3  x  1011  ergs  g_  1  (C)  at  both  room  temperature 
and  short  times  at  500  F  and  to  8  3  x  10^  ergs  g“  *  (C)  for  long  times  at  500  F.  The  re¬ 
sults  of  these  tests  are  presented  in  Tables  19  and  Zi,  respectively. 

TABLE  1 SS.  MECHANICAL  PROPERTIES  OF  CLASS- FABRIC- REINFORCED  PLASTIC  LAMINATES  AFTER 
Dill  ADIATiON  AT  ELEVATED  TEMPERATURE  69 


Material 

Test 

Exposure  Dote,  Temperature, 
10''»  ergsg-1  (0)  p 

Exposure 

Time, 

hours 

Ultimate 

Sirengtn, 

pli 

Flexural 
Modultu, 
10°  pul 

Silicone 

Flexure 

None 

Room 

None 

31,700 

?.  06 

8.F 

Room 

200 

111,440 

2.  04 

None 

6U0 

60 

12,390 

1,  80 

2.1 

500 

50 

13,625 

2.0 

Mono 

500 

100 

13,410 

2.0 

4.15 

500 

100 

11,720 

2,  0 

None. 

hoc 

200 

14,000 

2.0 

8,3 

m 

200 

9.  H80 

1.  0 

ileat-reiiitam  epoxy 

Companion 

None 

Room 

None 

46,  OHO 

8.3 

Room 

200 

46,  060 

Nono 

500 

50 

.7, 705 

2.1 

800 

50 

3,  780 

None 

000 

100 

4,  090 

4.  15 

600 

100 

6,490 

Nonu 

BOO 

200 

4,720 

H.H 

non 

200 

11,300 

Phenolic 

Flexure 

None 

Room 

None 

84, 626 

4,  22 

8.3 

Room 

200 

84,040 

4.  36 

None 

000 

60 

27,300 

3,  14 

2.1 

too 

SO 

66. 020 

11,  46 

None 

two 

ion 

17,000 

2,02 

4.  15 

500 

100 

47,016 

3.61 

None 

500 

200 

12, 330 

2,  13 

- — — 

8.3 

QUO 

200 

16,046 

2,  41 

The  phenolic  l&minato  maintained  all  its  physical  properties  ufler  1/2  hour  at 
500  F  after  a  radiation  dose  of  8.  5  x  10 11  ergs  g"  1  (C),  with  the  possible  exception  of 
compressive  strength  (Table  19).  At  550  F  (Table  23)  and  up  to  an  exposure  dose  of 
4.  15  x  109  ergs  g"  *  (C),  the  flexural  strengths  of  the  irradiatstf  phenolic  laminates  were 
approximately  twice  those  of  the  phenolic  laminates  subjected  to  heat  alone,  At 
8.  3  x  109  ergs  g~  1  (C),  the  values  were  slightly  higher  for  the  laminates  irradiated  at 
500  F. 


Phenolic  laminates  wore  also  irradiated  to  exposure  doses  of  2.  1  x  10q  ergs  g"  1 
(C)  (50  hours)  at  temperatures  of  500,  600,  700  800,  and  900  F.  (81.)  Control  specimens 

were  tested  after  1/2  hour  at  the  test  temperature  with  no  irradiation.  At  500,  600,  and 
900  F,  flexural  strengths  of  the  irrarli.  a  1  ..mates  were  higher  than  those  of  the  con¬ 
trols.  At  700  and  800  F,  they  were  a’  o  .  Thus,  combined  heal  and  irradiation 

causes  no  more,  or  perhaps  less,  deg  ea  latum  to  plienuln  laminates 


than  dors 
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temperature  alone.  Knllcr  points  out  that  a  phenolic  system  ordinarily  deteriorates 
when  exposed  to  elevated  temperatures  in  the  presence  of  air  due  to  oxidation.  He  sug¬ 
gests  that  it  is  possible  that,  irradiation  inhibits  the  oxidation  and  that  crosslinking  takes 
place. 


Polyester  Laminates 

Polyester  laminates  also  show  good  radiation  stability.  Johnson  and  Siciliof80)  ir¬ 
radiated  several  types  o i  glass  fiber-polyester  laminates  used  in  aircraft  construction  to 
a  total  dose  of  approximately  2.  4  x  )09  ergs  g“  *  (C)  (6  x  10*4  faot  n  cm' 2, 

6  x  1013  (nv0)t,  and  5  x  lO1^  gamma  photons  cm"2].  No  major  changes  in  the  physical 
properties  of  the  laminates  were  found  after  this  exposure. 

Keller^,  in  an  effort  to  determine  threshold  damage  for  laminates,  irradiatod  a 
regular  polyester  and  a  heat-resistant  (TAC)  polyeeter  to  8.  3  x  10H  ergs  g"  *  (C).  When 
irradiated  at  room  temperature,  the  TAC- polyester  reaching  threshold  damage  between 
8.  3  x  10 10  and  2.49  x  10 1 1  ergs  g"  1  (C)  was  less  resistant  to  radiation  than  tho  regu¬ 
larly  cured  polyester  which  reached  threshold  damage  between  2.49  x  10*1  and 
8.  3  x  10 1*  ergs  g"  1  (C)  (see  Table  19).  These  laminate.,  wore  not  irradiated  at  olevated 
temperatures. 


Epoxy  Laminates 

Kollur(^)  tested,  a  heat-  resistant  epoxy  and  a  regular  epoxy  laminate  to  dotorminu 
the  dosage  for  threshold  damage  at  room  temperature.  both  laminates  contained  glass 
fiber  as  the  reinforcing  agent.  Thu  regular  epoxy  laminate  reached  a  radiation  thres¬ 
hold  damugo  somewhat  beyond  2,  8  x  10**  ergs  g"  1  (O),  but  a  significant,  loss  of  strength 
did  not  occur  until  8.  3  x  10*  *  u.y.s  g“  1  (C)  The  h«*“t- rc iu l slant  epoxy  resin  showed  some 
do,  au.uiun  aftur  an  exposure  dose  of  8,  3  x  10*1  ergs  g"  *  (C),  (See  Table  19.  ) 

in  addition  to  room- temperature  studies,  the  heat-resistant  epoxy  laminate  was 
irradiated  at  500  F  for  200  hours  to  a  total  exposure  dose  of  8.  3  x  10^  ergs  g"  1  (C). 
Compressive  strength  dropped  considerably  when  laminates  wore  subjected  to  hvut  ulonn, 
However,  tho  effect  of  heat  and  radiation  together  was  not  as  severe  us  that  of  heat  alone 
(see  Table  23). 


Pul y urethane  Laminates 

Itonanni^2)  reported  on  tho  physical  properties  of  a  new  urethane  laminate.  In 
this  work  the  effects  of  radiation  (cobalt-bO)  on  flexural  strength  and  modulus  and  weight 
loss  were  determined.  Very  little  change  in  either  flexural  strength  or  modulus  was 
noted  up  to  a  dose  oi  approximately  7  x  l()l®  ergs  g"  1  (C),  the  highest  dose  reported. 
Weight  remained  constant  to  about  1.  75  x  10  ergs  g*  *  (C)  and  then  began  to  drop,  with 
i  per  cent  loss  being  noted  after  7  x  10  10  ergo  g"  *  (C). 

Teniashi)l(^)  determined  the  ultimate  flexural,  and  flatwise  compressive  strengths 
of  polyurethane  foam  sandwich  construction  after  irradiation.  Tho  foam  sandwich  sam¬ 
ples  showed  no  reduction  in  mechanical  properties  up  to  10*1  ergs  g'  !  (C),  tile  largest 
dose  to  which  the  samples  were  subjected. 
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O-Rings  and  Backup  Rings 


O- Rings 

O- rings  made  from  a  numkr  of  rubber  types  have  been  evaluated  under  radiation. 
For  high-temperature  applications,  Viton  A  (coplymer  oi'  hc>afluoropropylcno  and 
vinylidene  fluoride)  appears  to  be  the  best  available  material  for  O- rings,  although  its 
radiation  resistance  is  not  as  great  as  desired.  However,  in  many  applications  it  is 

serviceable. 

Trepue  at  Boeing^  tested  Viton  A  O- rings  in  MI.O-8200  or  Yerailuba  F-50 
hydraulic  fluid  during  irradiation  at  400  F.  Radiation  exposure  doses  were  8.  39  x  10®, 

8.  39  x  10^,  and  8.  39  x  10 ^0  ergs  g"  1  (C).  These  rings  were  installed  with  spiral 
Teflon  backup  rings.  Samples  irradiated  at  8.  39  x  10®  ergs  g~  1  (C)  retained  most  of 
their  elastomeric  properties  and  sealing  ability.  Those  irradiated  to  8.  39  x  10^  ergs 
g"  *  (C)  became  considerably  harder  but  still  retained  their  sealing  ability.  Exposure  to 
8.  39  x  10^®  ergs  g"  1  (C)  caused  the  O-rings  to  become  v  sry  hard  and  brittle  and  to  lose 
their  sealing  ability.  Those  irradiated  in  MLO-8200  scaled  better  under  all  test  condi¬ 
tions  (static  pneumatic  and  hydraulic  pros  sure  and  pulsed  hydraulic  pressure)  than  did 
those  irradiated  in  Versilube  F-50. 

Miller  at  Lockheed^  tested  an  electrohydraulic  flight  control  for  380  hours  at  a 
temperature  of  200  F  and  pressures  up  to  3,000  psi,  The  exposure  dose  was  5  x  10*1  ergs 
g~  1  (C).  Oronite  8200  hydraulic  fluid  and  Viton  A  and  nitrile  rubber  O- rings  were  used 
in  the  system,  The  Viton  A  O- rings  sealed  perfectly  in  the  stat.c  seels  although  they 
underwent  pronounced  compression  set.  With  dynamic  seals,  Viton  A  permitted  some 
leakage  during  the  final  stages  of  the  tost.  The  physical  properties  of  the  nitride  rubber 
O- rings  changed  less  than  those  of  Viton  A. 

In  a  subsequent  test,  MacCullen  at  JLockheod1' tested  an  electrohydraulic  servo 
test  loop  containing  Viton  A  and  Buna  N  (nitrile  rubber)  O- rings.  Oronite  8813,  a  modi¬ 
fication  of  the  8200,  was  the  hydraulic  fluid  i. wed  in  the  sysiem,  The  test  was  conducted 
for  260  hours  with  an  average  radiation  dose  rate  of  1.  1  x  107  ergs  g"  1  (C)  hr"*.  Fluid 
temperature  was  maintained  at  275  F,  and  the  pressure  was  3,000  psi.  In  this  test,  the 
Viton  A  seals  leaked  and  did  not  perform  satisfactorily,  This  was  attributed,  in  part,  to 
the  fact  that  the  seals  were  slightly  undersize  due  to  shrinkage  when  molded,  and  in  part 
to  the  synergistic  effects  of  temperature  and  radiation.  The  Viton  A  rings,  exposed  to 
1.  4  to  4.  9  x  109  ergs  g"  *  (C),  were  very  brittle  when  removed,  although  they  recovered 
considerable  elasticity  after  removal. 

Barnett  and  Baxter  at  General  Electric^®)  ran  four  200-hour  thermal- radiation 
teste  on  simulated  turbojet  accessory  systems.  Three  fluids,  MIL- F- 7024  fuel,  MIL¬ 
L-78080  lubricant,  and  a  high-temperature  hydraulic  fluid,  OS-45,  were  separately 
used  to  test  four  high- temperature  elastomers,  Viton  A.  nitrile  rubber,  neoprene,  and 
a  fluorinatad  ailicone,  LS-53,  a.  temperatures  ranging  from  190  to  300  F  and  at  a 
gamma  dose  of  1.75  x  10®  ergs  g"  *  (C).  Fluid  pressures  ranged  from  0  to  1,000  psig. 
Viton  A,  nitrile,  and  LS-5  3  rubbers  were  used  in  O- rings  and  Gask-O-Seals,  while  the 
neoprene  was  used  only  in  the  Gask-O-Seais,  There  were  no  elastomer  failures  during 
these  200-hour  teats. 


A  few  silicone  materials  used  as  O- rings  have  buon  subjected  to  .radiation- da  inn  go 
tests.  Work  at.  the  Surah  Mellon  Scaife  Radiation  Laboratory,  Pittsburgh.  Pennsylvania, 
i-uu.«.teu  that  Silastic s  160  and  181  show  fair  resistance  to  radiation  damage.  (l8)  In 
those  tests,  the  O- rings  were  bombarded  under  nonfunctioning  conditions  (not  holding  a 
vacuum  scai)  in  an  external  deuteron  beam  of  a  cyclotron.  O- rings  that  had  absorbed 

1  x  109  ergs  g~  l  (C)  from  the  deuteron  beam  showed  little  damage  and  held  a  vacuum 
seal  after  irradiation.  Although  they  were  damaged,  considerably,  Silastics  1 6 0  and  181 
held  a  vacuum  seal  after  absorbing  2  x  10  ^  ergs  g"  *  (C),  These  materials  cannot  be 
used  for  vacuum  seals  after  absorbing  10*2  ergs  g“  *  (C). 

(83' 

Stewart  and  Palmer'  ‘  investigated  the  use  of  a  high-temperatura  rubber  O-ring 
as  a  static  seal  in  a  590  F  pulse  amplifier.  Of  the  silicone  rubbers  considered  for  use  in 
this  application,  Dow -Coming's  S-2071  and  S-675  stood  out  as  having  some  promise. 
Tests  showed  the  S-2071  rubber  to  be  satisfactory  for  better  than  100  hours  at  590  F,  but 
the  rubber  was  found  to  be  very  unsatisfactory  under  the  specified  radiation  level  of 

2  x  1 0 ergs  g"  *  (C).  Wire  insulated  with  S-2Q7i  was  exposed  for  24  hours  at  10^  r/hr 
at  500  F.  After  this  very  short  exposure  to  radiation,  the  silicone  rubber  insulation  was 
badly  embrittled  and  cracked. 

Dow-Cornlng  conducted  combined  tempera*  re  and  radiation  teBts  on  S-675,  S-2071, 
and  S-2097  for  100  hours  at  400  F  and  0.  1  megartd  hr"  *  of  gamma  radiation.  The  S-675 
rubber  was  the  least  arfocted  by  this  exposure  but  it  showed  some  reduction  in 
elongation, 

Although  there  are  many  characteristics  in  favor  of  the  silicone  rubber  O-rlng, 
the  limited  useful  life  at  the  required  nuclear  radiation  levels  and  590  F  temperatures 
precludes  its  use  where  service  life  in  the  order  of  100  hours  or  more  is  a  requirement, 

DeZeihi84),  of  Booing  Airplane  Company,  has  tested  General  Electric.  Company's 
SE-551  (methyl  phonyl-lypo  silicone  elastomer),  SE-371  (methyl  vinyl-type  silicone 
elastomer),  Viton  A,  a  high- tomporaturo  Thiokol,  and  Teflon  ay  materials  for  O- rings, 
The  specimens  wore  betwoon  1  and  1-1/2  inches  in  diameLer  and  0.005  to  0,  139  inches 
thick.  No  visible  changes  were  observed  for  Viton  A  or  SE-371  at  0.  I  x  109  ergs  g”  1 
(C)  although  the  silicone  materials  broke  when  bundled.  Thiokol  showed  no  visible 
changes  at  4.  2  x  10^  ergs  g“  1  (C)  (the  highest  dose  at  which  it  was  toBtud).  Teflon  was 
completely  crumbled  at  ti.  3  x  10”  ergs  g~  1  (C).  It  was  concluded  from  these  IclUb  that 
high- temperature  Thiokol  and  Viton  A  exhibit  good  properties  after  high  radiation  doses, 
while  the  elastomers  8E-551  and  SE-  171  have  '  imited  use  in  nuclear  environments.  The 
samples,  howovor,  were  not  tested  under  service  conditions,  und  the  sine  of  the  samples 
was  small. 

Convair  reported  the  changes  in  mechanical  properties  of  a  natural- rubber  O-ring 
material  irradiated  while  under  stress.  (®5)  The  recipe  for  this  stock,  having  a  Shore  A 
durometer  hardness  of  35  to  40,  is  given  in  Table  A-46.  Samples  were  irradiated  while 
under  25  per  cent  compression  or  while  held  in  180-dcgree  bend  with  a  5/8-iiich  radius 
at  the  bend.  Doth  control  and  irradiated  samples  were  held  in  this  condition  for  a  total 
of  30  days,  including  radiation  time.  The  specimens,  both  stressed  and  unstressed, 
were  irradiated  to  three  exposure  levels  at  ambient  temperature.  Mechanical  proper¬ 
ties  of  this  rubber  before  and  after  irradiation  arc  given  in  Table  A=47,  The  compres¬ 
sion  set  after  irradiation  is  given  in  Table  A-48. 


The  results  of  these  testa  show  that  natural  rubber  irradiated  while  under  stress 
decreases  in  tensile  strength  and  elongation  to  a  much  greater  degree  than  does  the  un¬ 
stressed  rubber.  Also,  compression  set  of  the  natural- rubber  vulcanizate  buttons  de¬ 
creased  by  55  per  cent  when  the  samples  were  irradiated  while  unstressed,  but  com¬ 
pression  set  of  the  O-ring  segments  compressed  during  irradiation  increased  from  6  per 
cent  for  the  control  to  80  per  cent  at  the  highest  dose.  At  the  two  higher  exposures  the 
permanent  set  in  the  180-degree  bend  was  100  per  cent. 

Newell,  of  Convair,  offers  the  following  explanation  for  these  results.  The  pre¬ 
dominant  reaction  during  irradiation  of  natural  rubber  is  crosslinking  of  the  molecules. 
When  the  rubber  is  under  compression  during  irradiation,  the  crosslinking  tends  to  set 
the  rubber  permanently  in  the  existing  strained  condition;  when  the  rubber  is  irradiated 
unstressed,  the  crosslinking  results  in  a  harder  and  more  rigid  structure  which  tends  to 
resist  subsequent  compression  set. 

Newell  also  found  that  the  stressed  samples  cracked  badly  on  the  outside  of  the 
180- degree  bend  where  the  rubber  was  under  tension.  At  the  two  higher  exposure  levels, 
similar  cracking  also  occurred  in  the  compression  buttons.  This  cracking  was  believed 
to  be  due  to  the  ozone  content  of  the  atmosphere  in  the  radiation  field.  O- rings  irradi¬ 
ated  in  the  grooves  of  the  chamber  doors  did  not  show  this  cracking.  This  was  due  to 
the  lack  of  contact  of  these  G- rings  with  ozone  on  the  outside  of  the  bend,  since  this  por¬ 
tion  of  the  O-ring  was  in  contact  with  the  pool  water. 

A  comparison  of  natural- rubber  and  diisocyanate  polyester  O-rings  is  presented 
in  Table  24.  These  results  show  that,  at  3  x  10^®  ergs  g~  *  (C),  the  hardness  of  the 

polyester  did  not  change  from  its  original  value,  while  the  natural  rubber  i  tanged  from 
70  to  95. 

The  importance  of  seal  and  groove  design  has  been  the  subject  of  a  study  by 
Trepus  and  co-workers  at  Boeing  Airplane  Company.  (13)  Rectangular,  V-shaped  and 
tapered- bottom  grooves  wer«  tested  using  O-rings  made  from  a  Viton  A  compound,  The 
temperature  of  the  teat  jigs  waa  raised,  in  100*  degree  increments,  from  room  tempera¬ 
ture  tu  600  F  and  back  down  again  with  pressure  checks  at  each  temperature  level.  The 
rings  were  aged  from  2  to  12  hours  1 1  600  I'. 

Trepus  found  that  the  principal  factors  causing  soal  failure  were  permanent  set 
and  shrinkage  of  the  O-rmg  dun  to  the  high  temperature.  The  temperature- cycling  tests 
indicated  that  the  O-rings  took  a  permanent  set  after  prolonged  exposure  to  high  temper¬ 
atures  and  pressures,  causing  slight  leakage  when  the  temperature  was  lowered.  A 
relatively  high  squeeze  on  the  O-rings  was  necessary  for  sealing  over  a  wide  range  of 
temperatures  to  overcome  the  effects  of  permanent  set  of  the  O-ring  and  the  difference 
between  the  thermal  expansion  of  the  seal  and  that  of  the  sealing  gland.  In  these  tests 
V-  and  tapered- grooves  failed  to  improve  seal  life.  Data  are  given  in  Table  A-49. 

These  seals  were  not  subjected  to  irradiation.  The  effect  o'i  groove  design  on  service 
life  in  a  radiation  environment  is  to  be  studied  later. 

O-rings  were  aloo  tested  for  use  at  cryogenic  temperatures.  ( ^)  The  elastomers 
tested  were  SBR,  NR,  CR  (WRT  and  GN),  NBR,  Thiokol  FA,  and  Philprene  VP-4.  None 
will  give  reliable  O-ring  seals  at  temperatures  around  -300  F. 

Convair(^)  tested  nitrile  rubber  and  neoprene  WRT  O-rings  containing  5  parts 
per  hundred  of  an  antirad  (Akron. ex  C).  The  neoprene  O-rings  were  irradiated  in  air 
and  in  a  pressure  vessel  containing  Oronitc  8515  at  350  F  and  3,000  psi  for  1 '1  hours 


TABLE  24 


COMPARISON  OF  NATURAL- RUBBER  AND  DIISOCYANATE 
POLYESTER  O-RING  GASKETS  UNDER  IRRADIATION  ( 8 &) 


O-Ring 

Size 

Before 

Treatment 

Heated  in  Air 
135  C,  306  Hr 

Irradiated  to 

3  x  10  10  Ergs  G"1  (C) 

Weight  Chang 

e  ,  per  cent 

Natural  rubber 

Large 

- 

+0.80 

+2.  74 

Small 

- 

+  1,55 

+2.  61 

Polyestnr 

Large 

- 

-1.  16 

-0.93 

Small 

-1.49 

-1.17 

Hardness , 

Shore  A 

Natural  rubber 

Large 

68 

90 

95 

Small 

70 

90 

95 

Polyester 

Large 

72 

70 

77 

Small 

72 

71 

76 

Density, 

g/cm3 

Natural  rubber 

Large 

1.226  ±  0,004  1.272 

1.  274 

Small 

1.  223 

1.277 

1.275 

Polyoiito  r 

Large 

1.  245 

1.236 

1.  248 

Small 

1.  252 

1.249 

1.249 

(a)  l.aigu  ring*,  eroll  iccllon  a 
Small  rings,  iron  lection  w 


0.  008  iq  in. 
0,  003  »q  in, 
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while  the  nitrile  rubber  O- rings  wore  irradiated  in  MIL-  L-  7808  oil  at  275  F  for  the 
same  length  of  time,  Viton  A  with  no  antirads  was  also  irradiated  while  immersed  in 
Orcmite  85!  5  fluid  at  350  F  and  3,  000  psi  for  14  hours.  Radiation  exposure  was 
1.  9  x  10  10  ergag"  1  (C)  (gamma  dose)  and  1.  2  x  1015  n  cm"  2  (E  >  2.  9  Mev),  The  neoprene 
and  Viton  A  O- rings  lost  most  of  their  original  resilience  properties  during  irradiation. 
The  neoprene  O- rings  containing  the  antirad  suffered  10  per  cent  less  change  in  elonga¬ 
tion  than  the  standard  compounds.  For  nitrile  rubber  there  was  no  detectable  difference. 


Backup  Rings 

Backup  rings  improve  the  performance  of  O- rings  at  high  temperatures  since  they 
prevent  the  O-ring  from  extruding  out  of  the  groove.  Trepua'tJl,  investigating  the  ra¬ 
diation  stability  of  backup  rings,  found  that  all  Teflon  and  Teflon- filled  rings  were  de¬ 
teriorated  to  such  an  extent  that  they  were  unusable  after  an  exposure  dose  of 
8.  39  x  109  ergs  g“  1  (C).  DC  2106  asbestos-filled  silicone  resin  and  SMR  2!/V  204/SMR 
21  outer  (VS  polymeric  Chemicals,  Inc.)  appear  to  have  possibilities  as  backup  mate¬ 
rials  above  irradiation  levels  of  8.  39  x  1 0 1 0  ergs  g“  *  (Cl.  However,  they  do  not  per¬ 
form  well  as  backup  materials  at  lower  radiation  levels.  Before  irradiation  they  are 
extremely  hard,  which  results  in  the  abrasion  of  the  O-ring  against  the  hard  sharp 
corners  of  the  backup  ring. 

Convair^®7)  oxamined  Epocaat  No.  ?.  and  100  Shore  A  nitrile  rubber  as  backup 
materials  for  rubber  surface  seals.  Both  materials  extruded  and  gripped  the  moving 
surface,  which  resulted  in  backup- seal  destruction  and  O-ring  damage.  However, 
Epocast  No.  2  was  satisfactory  as  backup  rings  for  static  seals  in  hydraulic  pump  loops. 

Lockheed^ found  Viton  A-asbestos  backup  rings  satisfactory  for  use  in  a  flight- 
control  system  operating  at  200  F  using  MLO  8200  hydraulic  fluid.  The  irradiation  dose 
was  8.  77  x  10^  ergs  g"  1  (C).  In  a  subsequent  test^),  backup  rings  made  of  Viton  A- 
asbestos,  Teflon,  and  leather  (used  in  a  relief  valve)  gave  satisfactory  performance  in 
an  electrohydraulic  servo  loop  using  Oronite  8515  hydraulic  fluid  at  a  temperature  of 
275  F  and  a  pressure  of  3,000  psi.  Irradiation  dose  was  1.  3  to  4.  9  x  1C)9  ergs  g"  1  (C), 
depending  on  the  location  of  the  parts  in  the  system.  The  Teflon  ring  was  brittle,  but 
maintained  a  Beal.  Both  the  Teflon  and  Viton  A-asbestos  backup  rings  ware  bonded  to 
the  O- rings  and  could  not  be  separated  without  damage  when  removed. 

For  specific  applications,  particularly  in  contact  with  oils,  exposure  doses  may 
be  increased  somewhat.  Teflon  backup  rings  have  been  reported  to  operate  500  hours  in 
a  flight- control  system  and  to  withstand  an  exposure  dose  of  4.  4  x  109  ergs  g"  1  (C) 

(5  x  10 ^  roentgen),  of  combined  neutrons  and  gammas.  The  only  damage  to  the 

backup  rings  was  a  alight  increase  in  hardness.  However,  Teflon  slivers  had  oroken 
off  and  were  found  in  the  pump  used  in  the  control  system.  The  edges  of  the  backup 
rings  were  feathered  due  to  breaking  off  of  these  slivers. 


Sealants 


Below  300  F,  nitrile,  neoprene,  and  Thiukol  elastomers  have  been  used  as  seal¬ 
ants.  Ol  these,  Thiukol  is  the  most  commonly  used  material,  particularly  as  fuel-  and 
oil-tank  sealants.  The  radiation  resistance  of  those  elastomers  is  shown  in  Table  25. 
Neoprene  and  nitrite  have  not  been  exposed  in  a  fuel  medium  and  the  radiation  resistance 
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can  bo  judged  only  by  their  radiation  resistance  in  air,  which  is  in  the  range  of 
l  x  10  10  ergs  g- 1  (C)  for  moderate  damage  (approximately  25  per  cent).  Thiokol  is 
among  the  poorer  radiation- resistant  rubbers  when  irradiated  in  air.  For  use  above 
300  F,  Fluorocarbon,  and  silicone  materials  have  been  used  as  sealants. 


Thiokol  Sealants 


Thiokol  sealants  were  irradiated  at  140  F  at  three  different  dosos  while  immersed 
in  JP-4  fule.  These  sealants  were  found  to  be  resistant  to  a  dose  of  3.  5  x  10^  ergs  g 
(C)  but  were  unsatisfactory  at  1  x  10  10  ergs  g"  1  (C).  ^88)  The  reduction  in  tensile 
strength  at  the  lowest  radiation  dose,  9.  3  x  10#  ergs  g“  *  (C),  was  of  the  order  of  10  per 
cent.  Elongation  showed  no  change  and  hardness  was  reduced  50  per  cent.  Specimens 
showed  no  visible  evidence  of  degradation.  At  3.  5  x  10^  ergs  g*  *  (C),  tensile  strength 
was  reduced  by  25  per  cent,  elongation  by  13  per  cont,  and  hardness  by  16  per  cent. 

There  was  no  visible  evidence  of  damage  at  9.  9  x  10^  ergs  g"  *  (C).  The  samples  were 
badly  pitted  and  swollen  due  to  the  penetration  of  fuel  through  the  Buna  N  overcoat.  The 
tensile  strength  was  reduced  by  68  per  cent  after  evaporation  of  the  fuel.  Elongation  was 
reduced  54  per  cent  and  hardness  23  per  cent. 

Throe  Thiokol  sealants,  PR  1201  (HT),  EC  801,  and  EC  1373  were  irradiated  by 
Convair  to  a  dose  of  2.  5  x  10^  ergs  g"  ^  (C)  while  immersed  in  JP-4  fuel.  Specimens 
of  these  materials,  Lopcoated  with  a  nitrile  rubber,  EC- 776,  wore  irradiated  in  boLh  air 
and  JP-4  fuel.  Although  some  changes  were  noted,  none  of  the  sealants  were  degraded 
enough  to  seriously  affect  their  serviceability. 

Workers  at  Convair^17)  also  irradiated  three  commercial  Thiokol  sealants,  PR- 
1422,  EC-  1610,  and  EC-  1520  in  air  and  In  JP-4  fuel.  T.ho  sealants  irradiated  in  fuel 
showed  more  reduction  in  tensile  strength  and  elongation  than  sealants  irradiated  in  air. 
Laboratory  samples  of  Thiokol  sealants  which  contained  a  high  filler  content  (Titanox 
AMO  or  u  combination  of  Titanox  AMO  and  Calcone  TM)  were  less  radiation  resistant 
than  the  controls  when  irradiated  in  fuel.  This  decreased  resistance  with  fillers  has 
also  been  noted  in  elastomers  irradiated  in  fuol.  The  peel  strengths  of  the  commercial 
sealants  were  approximat  .y  the  same  whether  thoy  were  irradiatod  in  air  or  in  JP~4 
fuel.  In  most  cases,  peel- strength  values  did  not  show  a  groat  decrease  until  after  an 
exposure  of  10^  ergs  g~  1  ,C).  At  a  dose  of  10l,)  urge  g~  1  (C)  peel  strength  was  extremely 
poor.  (Sou  Tables  A-50  through  A- 54.) 

A  Thiokol- based  sealant,  PR-  1422,  maintained  satisfactory  tensile  strength  and 
elongation  when  irradiated  to  an  exposure  dose  of  8.  7  x  10^  ergs  g“  1  (C).  Postirradia¬ 
tion  aging  at  275  F  for  24  hours  gave  satisfactory  stress- strain  values.  This  material 
is  believed  to  be  capable  of  service  at  275  F  for  lung  periods  of  time. 

Three  Thiokol-based  sealants,  were  subjected  to  a  dose  of  9.6  x  1C)7  ergs  g“  *  (C) 
in  a  nuclear  burst.  (®9)  These  Sealants  became  radioactive  (iOO  to  1,200  counts  per 
minute)  at  doses  of  3,  5  x  107  ergs  g*  1  (C)  and  above. 


High-  Temperature  Sealants 

t *•  i* i«il s  u a a d  cih  high”  tfinipcrsturc  iii  tl w  rftiiut;  of  >00  Lu  500  IT 

Vitou  A,  Silicone  LS-53,  and  Polymer  1F4.  Elastomer  21lP®)  and  the  new  nitrilo- 
siliione  pulymer(9  1)  have  also  been  recommended  as  sealants.  Data  are  available  lor 


BO 

Viton  A  and  Silicone  RTV  .is  fill  and  drain  senlants(  (see  Table  .25).  Viton  A  composi¬ 
tions  were  found  satisfactory  after  gamma  irradiation  at  approximately  1  x  109  ergs 
g”  ^  (C) ,  o:  her  preceded  or  followed  by  exposure  to  JP-4  fuel  at  4l>0  F  for  i  days.  Sev¬ 
eral  RTV  silicone  sealant  compositions  satisfactorily  withstood  exposure  to  approxi¬ 
mately  1  x  109  ergs  g"  1  <C).  Exposure  to  lx  lO^ergsg-1  (C)  caused  drops  in  elongation 
to  values  which  arc  not  acceptable  in  service.  The  radiation  resistance  of  Viton  A  seal¬ 
ants  has  not  been  improved  by  antirads,  although  several  compositions  containing  lead 
salts  of  potential  antirads  show  some  promise  and  work  is  being  continued  in  this  area, 
area.  (92) 


(93) 

Fluorocarbon  Sealants.  Seegman  and  co-workers  at  Product  Research  Company 
developed  a  fill  and  drain  sealant,  G-59,  a  brush- type  faying- surface  sealant,  a  filleting 
sealant,  and  a  tape,  all  based  on  Viton  A  (a  copolymer  of  hcxafluoropropylcnc  and 
vinylidene  fluoride).  These  were  all  satisfactory  for  use  at  450  to  600  F.  The  G-59  fill 
and  drain  sealants,  both  catalysis  and  solution  cured,  were  irradiated  to  an  exposure 
dose  of  8.7  x.  109  ergs  g~  *  (C).  The  Viton  A  filleting  sealant  gave  satisfactory  tensile 
strengths  to  a  dose  of  8.  7  x  108  ergs  g“  1  (C).  After  irradiation  to  8.  71  x  109  ergs  g“  1 
(C),  elongation  dropped  to  10  to  25  per  cent.  Two  Viton  B  fill  and  drain  sealants 
(dithiol  cured) (94*  were  irradiated  to  1  x  10*®  ergs  g“  *  (C).  Tensile  strength  increased, 
but  elongation  decreased  considerably,  although  not  to  the  extent  of  the  Viton  A  sealants. 
Data  for  the  Viton  B  materials  are  given  in  Table  26. 

TABLE  26.  TENSILE  PROPERTIES  OF  VITON  B  FILL  AND  DRAIN  SEALANTS 
BEFORE  AND  AFTER  GAMMA  IRRADIATION^94* 


Formulatlon(a* 

Before  Irradiation 

After  Irradiation 
at  1  x  1010  Ergs  G“  1  (C) 

Tensile 

Strength, 

pai 

Elongation, 
per  cent 

Tensile 

Strength,  Elongation, 

pui  per  cent 

G-19S-1 

G-202-1 

680 

1470 

540 

460 

1840  55 

1530  45 

(a)  Rrrlpci 

G- 1 1)H"  1 

G-202-1 

Vitim  U 

100 

too 

Maglllc  D 

.10 

10 

Thennax 

30 

-- 

St)  Slime  120 

-- 

20 

Outer  176 

10 

Dlbenrylaiillue 

2 

a 

MIBK 

322 

502 

470 

494 

!’"■«  premie  befute  utivem  dispersion 

Hufi  K/2  hi 

Cure 

250  E/I  lit 

Curing  Syuem 

Hcxarneiliyloit 

dilliiol  (IIMO'I  ) 

1.5 

Tii-ii-amylamiiu1  i Tit  A  A) 

LlPf 

0.5 

Total 

15.  0 

The  aim  of  the  Products  Research  work  is  to  develop  fuel- resistant,  sealants  which 
will  withstand  nuclear  radiation  up  to  10*  *  ergs  g"  *  (C)  at  450  F,  and  cabin  pressuriza¬ 
tion  sealants  for  use  up  to  1500  F  in  a  nuclear- radiation  environment.  (  Several  anti- 
rads  for  the  Viton  A  formulation  were  tested,  but  did  not  provide  any  increase  in  radia¬ 
tion  stability.  Similar  results  with  antirads  were  obtained  by  workers  at.  B.  F . 

Goodrich.  *) 


Silicone  Sealants.  Seegman,  and  co-workers  at  Products  Research  Company^  ^ 
developed  a  channel  sealant,  G-37,  based  on  reverted  Silastic  L.S-53U  which  is  service¬ 
able  to  450  F,  and  a  RTV  (room- temperature  vulcanisation)  silicone  pressurization  seal¬ 
ant  which  is  satisfactory  for  use  at  700  F  for  periods  of  several  hours,  depending  on  the 
configuration  and  environment.  These  were  tested  for  radiation  stability.  The  reverted 
Silastic  LS-53U  (unenred  fluorinated  silicone)  channel  sealant,  C-37,  converted  to  a 
tough  rubber  at  8,  7  x  10?  ergs  g“  *  (C).  The  silicone  pressurization  sealant  maintained 
satisfactory  tensile  and  elongation  properties  to  8.  7  x  10®  ergs  g“  *  (C)  exposure  dose. 
Exposure  to  *  x  10*®  ergs  g"  *  (C)  caused  drops  in  elongation  to  values  which  are  not 
acceptable  in  aervice. 

Room- temperature  cured  and  heat-cured  silicone  sealants  were  subjected  to  a  dose 
of  9.  6  x  10^  ergs  g~*  ( C )  in  a  nuclear  buret.  (®9)  The  heat- cored  silicone  increased  in 
hardness,  but  serviceability  of  the  sealants  was  not  impaired  in  this  test, 


Seals  and  Gasketn 


Materials  that  are  used  for  seals  and  gaskets  may  be  divided  into  two  groups: 

(1)  those  which  are  satisfactory  for  operation  up  to  300  F,  and  (2)  those  for  service  above 
300  F.  In  present  aircraft  and  missiles,  the  operating  range  is  above  300  F  and,  con¬ 
sequently,  there  is  a  greater  interest  in  the  radiation- resistant  limits  of  the  higher  tem¬ 
perature  resistant  products  that  are  prepared  from  polymers  such  as  the  fluorocarbons 
and  the  silicones, 

Seals  and  gaskets  have  been  found  to  be  more  radiation  resistant  when  immersed 
in  oil  and,  as  a  result,  seals  of  Viton  A^®*  ^  silicono^^) ,  or  nitrile  rubber^®)  are 
now  believed  capable  of  service  to  an  exposure  doso  of  10*®  ergs  g“  *  (C);  whereas,  on 
the  basis  of  static  tests  in  uir,  an  exposure  dose  of  10®  ergs  g“  *  (C)  has  boon  Considered 
maximum. 

Elastomers  that  are  used  as  seals  or  gaskets  below  300  F  include  natural  rubber, 
SI3R,  Butyl,  nitrile,  nooprono,  and  polyurethanes.  Plastic  materials  are  polystyrene, 
polyvinyl  chloride,  and  polyethylene.  The  radiation  resistance  of  these  polymers  is 
shown  in  Table  27.  The  data  given  are  for  exposure  in  air  Only,  since  no  information 
waa  available  as  to  their  radiation  resistance  immersed  in  oil  or  other  fluids.  Irradia¬ 
tion  data  on  gaskets  or  ocaling  materials  for  use  at  300  F  has  been  found  only  for  those 
prepared  from  neoprene  and  nitrile  rubbers.  This  is  probably  because,  as  seals  and 
gaskets,  are  resistant  to  oils  and  some  fiuids  and  therefore  have  been  used  more  fre¬ 
quently  in  aircraft  applications. 
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For  Use  Below  300  F 


MorrisC^'  determined  Liu;  compression  set  and  softness  of  23  vulcanizates  after 
exposure  to  8.  8  x  1Q9  ergs  g"  1  (C)  (iO®  roentgens).  Sulfur  was  used  for  curing  all  of  the 
vulcanizates  of  the  several  styrene-butadiene  and  acrylonitrile-butadiene  rubbers  which 
were  tested,  except  one  of  each,  which  were  cured  with  dicumyl  peroxide.  Other  rub¬ 
bers  were  cured  with  the  usual  ingredients.  All  receipes,  except  Philprene  VP-25, 

Viton  A-HV,  and  the  silicone  rubbers,  contained  Philbiack  A  (a  fast- extruding  furnace 
black)  as  a  reimorcing  filler.  No  filler  was  used  in  Philprene  VP-25.  Viton  A-HV  con¬ 
tained  Thermax  (a  medium  thermal  black).  Silicone  W96  contained  HiSil  X303,  a  very 
fine  silicon;  the  fillers  in  Silastic  S-2048  and  LS-53  were  not  identified.  Curing  condi¬ 
tions  and  filler  content  were  adjusted  so  that  the  vulcanizates  had  the  hardness  and  re¬ 
sistance  to  hot  compression  set  of  a  typical  O-ring  seal. 

Table  A-55  shows  the  results  of  exposures  to  8.  8  x  10^  ergs  g“  1  (C).  The  two 
rubbers  having  the  best  inherent  resistance  to  gamma  radiation  wet6  Adiprene  C  and 
Synpoi  1500.  However,  some  of  the  Adiprene  C  specimens  were  crushed  after  being 
compressed  for  23  days.  This  effect  waB  evident  whether  the  specimens  had  been  ir¬ 
radiated  or  not.  This  behavior  indicates  that  Adiprene  C  is  too  brittle  for  use  in  gaskets 
and  seals. 

The  specimens  of  Synpoi  1500  were  not  crushed  by  compression.  The  stock  cured 
by  dicumyl  peroxide  had  better  resistance  to  radiation  titan  the  sulfur- cured  stock,  al¬ 
though  the  resistance  of  the  latter  was  enhanced  by  compounding  with  an  antioxidant  and 
a  plasticizer  which  contained  benzene  rings.  For  example,  Synpoi  1500  cured  with  sul¬ 
fur  and  containing  Thermoflex  A  antioxidant  and  dibenzyl  phthalate  had  a  high  indentation 
and  the  lowest  compression  set  (49  per  cent)  after  a  dose  of  8.  8  x  10^  ergs  g'"  *  (C) 

(10®  roentgens)  of  any  vulcanizate  tested  in  this  program.  Acridine,  a  high- resonant- 
energy  material,  proved  to  be  an  efficient  antirad  tor  Synpoi  1500;  it  was  as  beneficial 
as  the  best  antioxidant,  Sanctflex  GP. 

According  to  Morris,  properly  compounded  Synpoi  1500  (or  its  equivalent)  Is  con¬ 
sidered  the  best  rubber  found  to  date  for  use  in  gaskets  and  seals  where  resistance  to 
gamma  radiation  is  required.  This  rubber,  however,  is  not  resistant  to  petroleum  oils 
or  gasoline.  Where  gaskets  and  seals  with  resistance  to  petroleum  oils  as  well  as  to 
gamma  radiation  are  required,  Hycar  1072,  an  acrylonitrile-butadiene  copolymer  modi¬ 
fied  to  contain  carboxyl  groups,  is  the  best  rubber  to  use.  Its  compression  sot  was  quite 
low  (58  per  cent)  and  its  indentation  was  reasonably  high  after  a  dose  of  8.  8  x  10^  ergs 
g”  *  (C)  (10**  roentgens),  providing  the  stock  contained  a  suitable  antioxidant,  such  as 
Wingstay  100.  If  gaskets  or  seals  are  to  be  used  in  contact  with  aromatic:  gasoline,  they 
should  bo  made  from  Hycar  1071.  This  is  similar  to  Hycar  1072  except  it  contains  more 
acrylonitrile.  It  is  slightly  inferior  to  Hycar  1072  in  resistance  to  radiation. 

Compounds  containing  precipitated  silica  as  a  filler  show  superior  high- 
compressive- stress  characteristics.  Compounds  with  fumed  silica  fillers  are  somewhat 
superior  in  original  physical  properties,  in  resistance  to  confinement  at  high  tempera¬ 
tures,  and  in  compression  set  at  temperatures  above  400  F.  Diatomaccous  silica  fillers, 
when  used  alone,  furnish  only  moderate  reinforcement  to  silicone  rubber  compound®, 

Di- tertiary  butyl  peroxide  is  the  best  of  the  catalysts  for  low  compression  set  and  may 
contribute  slightly  to  improved  heat  resistance.  The  pronounced  effect  of  heat  on  virtu¬ 
ally  all  the  properties  of  silicone  rubber  indie  T'--  a  maximum  temperature  limitation  of 
500  F  for  their  successful  use  in  seal  applicaU  ■  .  ’"he  selection  of  materials  meat 


result  iu  a  compromise  of  desirable  properties  and  should  be  based  on  a  careful  analysis 
of  the  functional  requirements  of  a  part  to  determine  the  properties  moat  essential  to  its 
effective  performance. 

The  hardnesses  of  all  the  vulcanizates  included  in  this  investigation,  except 
Genthanc  S,  a  polyurethane,  were  consistently  increased  by  exposure  to  radiation.  Thus, 
it  appears  that  the  compression  seta  of  these  rubbers  were  largely  due  to  the  formation  of 
new  cross  links.  Genthane  S  apparently  experienced  considerable  breakage  of  primary 
valence  bonds  in  the  earlier  stages  of  irradiation. 

Harmon'11')  determined  the  combined  effects  of  radiation  and  elevated  tempera¬ 
tures  on  a  packing  compound  based  on  a  60:40  Neoprene  W-Neoprens  WHV  formulation. 
The  results  of  these  tests  are  shown  in  Table  A-56.  This  compound  haB  very  poor  radia¬ 
tion  stability.  This,  combined  with  poor  retention  of  properties  at  158  F,  gave  a  mate¬ 
rial  with  very  aw  tensile  strength  and  per  cent  elongation  when  irradiated  at  158  F. 

Brooks  and  co-workers  at  Convair(^)  determined  the  radiation  stability  of  several 
gasket  materials!,  including  cork  and  neoprene  (Armstrong  DC- 100)  and  neoprene  rein¬ 
forced  with  compressed  asbestos  (Palmetto  Packing  No.  2915).  These  compounds  were 
pliuble  after  irradiation  to  2.  5  x  10®  ergs  g“  *  (C)  and  were  the  L^st  of  the  materials 
tested. 


For  Ubo  Above  300  F 

Elastomers  which  are  presently  used  as  seals  at  a  temperature  rango  above  300  F 
Include  the  fluorocarbono,  Viton  A  and  Elastomer  214,  Kel-F  elastomer  (copolymer  of 
chlorotrifluoroethylene  and  vinylidene  chloride),  and  the  silicones.  Plastics  used  as 
seals  include  Kel-F  and  Teflon,  The  radiation  stability  of  these  compounds  is  Bhown  in 
Table  28.  None  of  the  materials  have  exceptional  radiation  stability  whon  exposed  in  air. 
Of  f  i  elastomers,  Kel-F  shows  the  least;  resistance  to  radiation  and  becomes  quite  soft 
and  tacky  at  doses  below  6  x  10®  ergs  g”  *  (Q^1®0)  Viton  A,  Elastomer  214,  and  Polymor 
1F4  are  about  uqual  in  radiation  resistance^  12>  10®).  For  dynamic  applications,  they 
should  not  be  exposed  to  a  dose  greater  than  1  x  10'®  ergs  (C).  For  Static  operation, 
they  could  probably  be  used  to  somewhat  higher  doses.  Methyl  phenyl  silicones  show 
somewhat  better  resistance;  somo  of  them  retain  flexibility  to  3  x  1010  ergs  g“  1  (C). 

Tho  radiation  stability  of  fiuorinated  Silicone  LS-53  ie  inferior  to  that  oi  the  other  sili¬ 
cones,  and  proport.ioe  such  as  elongation  and  tensile  strength  deteriorate  rapidly  at 
5  x  10®  ergs  g-  »  (C). 


Fluorocarbon.  Because  many  of  the  fluorocarbon  elastomers  have  been  found  use¬ 
ful  as  high-  temperature  seals  in  diestcr  oils  and  fluids,  there  has  been  a  great  deal  of 
interest  in  their  radiation  resistance.  Table  28  presents,  the  radiation  resistance  of 
these  compounds  whon  used  as  Deals  and  gaskets.  The  most  interesting  factor  found  in 
irradiation  studies  is  that  many  of  them  behave  differently  on  irradiation  in  diestcr  fluid 
than  in  air.  For  example,  Griffin^'^)  found  that,  when  Viton  A  and  Elastomer  214  were 
irradiated  in  air,  they  began  to  get  soft  and  tacky  at  6  x  10®  ergs  g"  '  (C),  but  they  sur¬ 
vived  1  x  1C)10  ergs  g“  '  (C)  in  diestcr  oil  at  400  F  with  retention  of  rubberlike  properties. 
In  argon  gas,  however,  an  exposure  to  5  x  10®  ergs  g"  1  (C)  at  400  F  caused  a  75  per  cent 
loss  in  tensile  strength  and  elongation.  At  500  F,  the  same  dose  caused  a  complete  loss 
of  useful  properties.  This  was  more  severe  than  in  the  presence  of  the  diester  oil.  On 
the  other  hand,  Griffin  stated  that  Polymer  1F4  (a  polymer  of  1,  1-dihy.lroperfliiorobulyl 
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acrylate)  retained  rubberlike  properties  niter  an  exposure  of  !  x  10*(  ergs  g  (C)  in 
65  IT  air  but,  when  exposed  in  the  presence  of  400  F  diester  oil,  the  same  degree  of  dam¬ 
age  occurred  at  5  x  10^  ergs  g"  1  (C),  or  at  one-half  the  dose. 

it  is  not  certain  in  this  case  whether  the  presence  of  the  oil  caused  an  adverse  or  a 
beneficial  effect.  General  Electric^,  101)  showed  that  Mil- 7808  oil  extended  the  life  of 
Viton  A  in  a  radiation  environment,  as  compared  tc  irradiation  in  air,  It  has  been  sug¬ 
gested  that  petroleum  (anti  perhaps  other  oils)  may  be  a  natural  protective  agent  against 
gamma  radiation  by  aefing  as  a  scavenger  for  free  radicals  or  by  providing  an  effective 
medium  for  energy  transfer. 

Inland  Testing  Laboratories^*®^  found  that  Teflon  gaskets  immersed  in  oil  at 
450  F  would  not  hold  a  seal  when  exposed  to  a  dose  of  3  x  10®  ergs  g“  1  (C),  Felted 
Teflon  (Armalon),  however,  retained  sealing  properties  longer  than  did  the  solid  Teflon. 
This  was  attributed  to  the  resilience  of  the  matting  rather  than  to  an  increase  in  the 
radiation  stability  of  the  Teflon  fiber.  However,  with  the  particular  equipment  used,  a 
light  face  pressure  was  used  between  the  gasket  and  glass,  and  the  felted  Teflon  acted  as 
a  wick  and  was  not  satisfactory  for  use  in  the  gaskets. 

Teflon  and  Kel-F  were  examined  as  gaBket  materials  at  the  Oak  Ridge  National 
Laboratory  at  a  maximum  dose  of  1 0 1 0  ergs  g“  ^  (C),  {either  were  found  useful  beyond 
109  erge  g"1  (C).  <104) 


Silicone.  Silicones  are  not  as  resistant  to  aircraft  fluids  and  fuels  as  are  the 
fluorocarbon  typos.  Probably  for  this  reason,  the  resistance  of  silicones  to  radiation  in 
tho  presence  of  oils  and  fluids  has  net  been  evaluated.  However,  the  vacuum  sealing 
properties  of  silicones  have  been  determined  during  Irradiation.  The  data  obtained 
showed  that  a  dimethyl  silastic  compound  retained  flexibility  and  maintained  a  vacuum 
soul  to  2  X  10 11  ergs  g“  ^  (C)  even  though  physical  properties  of  the  polymer  wore  de« 
graded.  Another  aillcono  rubber  was  reported  to  retain  its  physical  properties  to 
10‘)  ergs  g~  1  (C)  when  irradiated  at  room  tempo ruturo. 

In  relation  to  the  higher  temperature-resistant  materials,  Products  Research 
Company^)  reports  that  there  w.m  no  observed  differences  In  dote  duration  of  Teflon, 
Kol-F,  and  a  polydimethyl  siloKano  when  irrudiatod  from  101  to  313  F.  It  would,  there¬ 
fore,  appear  Licit  tho  rate  of  deterioration  of  these  materials  would  nut  bo  affected  by  any 
temperature  variation, 

Tho  investigation  of  silicone  rubber  compounds  for  static  seals  and  gaskets  has 
demonstrated  the  importance  of  teats  to  evaluate  these  materials  for  specific  properties 
at  environmental  temperatures  which  simulate  anticipated  requirements.  Some  rela¬ 
tions  have  been  established  between  theoe  properties  and  compound  composition.  Cer¬ 
tain  generalisations  can  be  made  which  may  serve  as  a  guide  in  the  selection  of  mate¬ 
rials  for  specific  applications. 

Todd  and  Miazga,  United  Aircraft  Corporation,  report  that  silicone  compounds 

of  60  to  70  durometer  hardness  provide  the  lowest  comfiressiun  set,  but  harder  com¬ 
pounds  are  superior  for  high- compressive- stress  requirements. 

It  was  found  by  Fainmaii^9^  that  the  only  reliable  seal  material  in  a  radiation 
environment  of  3  x  10®  ergs  ,r  1  (C)  in  contact  with  oit  at  450  F  way  a  silicone  gasket. 


8  7 


The  commercially  available  gasket  used  was  Silastic  SO- <14- 480,  It  retained  its  physical 
properties  to  10 ^  ergs  g"  1  (C)  at  room  temperature.  It  was  used  in  a  WADC  deposition 
tester  for  a  total  of  48  to  50  hours,  where  it  was  exposed  to  temperatures  of  450  F  and 
doses  of  1.  2  x  lt'9  ergs  g~  1  (C). 


A  dimethyl  silastic  O-riug  retained  flexibility  and  maintained  a  vacuum  seal  to 
2  x  lOH  ergs  g"  1  (C),  even  though  physical  properties  of  the  polymer  were  almost  de¬ 
graded,  !  ^®)  In  these  experiments  an  O- ring  bombardment  device  was  made  so  that 
the  O-ring  would  hold  a  vacuum  seat  while  being  lotated  thro-  ",h  a  glycerine  bath  at  a 
temperature  of  210  C  and  bombarded  by  an  electron  beam.  Ine  sample  was  placed  as 
close  as  possible  (10  cm)  to  the  beam  exit  on  the  cyclotron. 


In  another  test,!®4)  cupped  seal  rings  of  ceramic-filled  Teflon  (Duroid  5600)  were 
completely  crumbled  when  Irradiated  to  8.  3  x  10®  ergs  g”  *  (C).  Silastics  160  and  181 
were  bombarded  with  deutorons  while  they  were  being  used  as  a  seal.  !*®)  The  amount 
of  energy  absorbed  in  the  last  test  where  a  vacuum  seal  held  was  2  x  10^  ergs  g“  *  (C) 
for  both  material*.  The  vacuum  seal  failed  to  nold  when  1,  lx  10  *2  crgB  g*  1  (C)  wr  3 
absorbed  by  Silastic  160  and  when  3.  7  x  10  ^  ergs  g"  *  (C)  was  absorbed  by  Silastic  181. 


Gaskets  have  been  fabricated  from  Silicone  Rubber  12602  and  12603.  Table  29 
■hows  that  the  elastomeric  properties  of  those  materials  stable  at  radiation  levels  not 
greater  than  8.  8  x  10®  ergs  g"  '  (C)  ( .1 0 roentgens).  However,  between  8.  8  x  10®  and 
8.8x  109  ergs  g"  l  (C)  (107  and  1()8  roentgens),  there  arc  considerable  changes  in  the 
properties,  largely  due  to  embrittlement  processes.  After  8.  8  x  10^  or  88  |T  1  (C) 

(10®  roentgens),  both  typos  of  silicone  rubber  deteriorate  to  a  material  with  approxi¬ 
mately  the  same  mechanical  properties. 


TABLE  29.  HOW  GAMMA  RADIATION  AFFECTS  GASKET  MATERIALS!  1  ns) 


Gamma  Dose  Tensile  Strength  Elongation  _ Hardness 

Roentgens  ErgsG-^  (G)  1 0*5  PS  I  %  Change  %  %  Change  Shore  %  Change 
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(Dow  Corning),  and  SR- 1054  and  SR-  1082  (Raybosdos- Manhattan,  Inc.).  The  gaskets 
were  irradiated  (1)  statically  at  -65  F,  at  ambient  temperatures,  and  at  400  F,  before 
testing,  and  (2)  while  in  use  as  a  seal  at  ambient  temperatures.  Those  materials,  with 
the  exception  of  the  glass- reinforced  silicone,  were  pliable  after  irradiation  to 
2.  5  x  10®  ergs  g“  1  (C),  However,  they  became  hard  and  brittle  after  2.  6  x  10  ergs  g~ 
(C).  If  there  had  been  any  vibration  of  the  joint,  they  probably  \  ould  have  failed. 


Tires 


Presently,  aicraft  tires  are  made  of  natural  rubber  with  nylon  cord.  There  have 
been  some  studies  to  determine  radiation  resistance  of  this  component  system.  The  re¬ 
sults  of  irradiation  of  tires  that  had  been  prepared  and  exposed  to  gamma  radiation  at 
Goodyear  was  discussed.  ( 7)  It  was  found  that  almost  no  deterioration  had  occurred  at  an 
exposure  dose  of  8.  4  x  10^  ergs  g"  *  (C)  (9.  7  x  10  ^  roentgens).  The  tires  contained 
anitrads. 

Similar  tires  wore  irradiated  at  Convair,  but  the  results  wore  not  satisfactory. 

The  tir«»s  showed  a  much  poorer  radiation  stability  than  thoeo  tested  earlier  at  Goodyear. 
The  Convair- tested  tires  were  irradiated  to  6.  1  x  i0^  to  1  x  10 10  ergs  g‘  1  (C)  (7  x  107 
to  l.  2  x  10®  roentgens).  After  a  break-in  period,  the  four  tires  were  tested  tor  ondur- 
nnee  to  high-speed  landings.  All  four  failed  before  completing  two  landings, 

At  Goodyoar  Urn  tires  were  tested  in  an  environment  where  air  was  being  passed 
over  the  tirun  constantly,  and  thus  there  was  no  chance  for  a  buildup  of  ozone.  In  the 
Convair  tests,  the  tiros  wore  in  u  confined  atmosphere  arid  Goodyear  believes  that  ozone 
could  have  been  the  source  of  trouble.  The  Goodyoar  tiros  were  irradiated  at  room  tem¬ 
perature  while  the  Convair  tires,  irradiated  in  the  reactor,  could  have  reached  a  tem¬ 
perature  of  utmost  200  F.  There  was  also  a  groat  difference  in  dose  rate  in  the  two 
teste.  Those  are  also  factors  which  might  have  mused  the  differences  in  radiation  sta¬ 
bility  of  the  tirus  in  tin-  '.wo  tests.  The  composition  of  Lite  Goodyear  tires  was  not 
disclosed. 

Bori^  ^  prepared  four  conventional  tires  and  four  other  identical  tires  except 
that  the  latter  contained  5  parts  pur  hundred  of  Akroflex  C  (35  per  cent  N-  N'dlphcnyl- p- 
phenyleno  diamine  plus  65  pur  cunt  phenyl- alpha- naphthyl  amino).  The  tires  worn  26  x 
6,  6  inch,  Type  VII,  14  -ply  rated  tuWloss  of  natural  rubber  und  nylon  cord.  This  is  a 
tiro  currently  used  on  military  aircralt. 

Tests  allowed  that  an  exposure  down  of  8.  4  x  10^  ergs  g"  1  (C)  caused  severe  deteri¬ 
oration  of  the  26  x  6.  6  inch,  Type  VII  nylon  tubeless  tires.  All  of  the  irradiated  tires 
failed  by  boad-to-bcad  blowouts,  while  unirradiated  tires  failed  by  ply  separation  anti 
blister  formation.  Irradiated  tires  were  only  about  one- tenth  as  good  as  nonir radiated 
on  the  basin  of  simulated  landing  tests.  The  tires  made  of  rubber  containing  5  parts  pet- 
hundred  (phr)  of  the  antirad  Akroflex  C  gave  improved  service  .tfler  irradiation.  The 
life  of  the  tire  was  double  compared  with  the  irradiated  tires  containing  no  antirad. 

Examination  of  rubber  in  the  tire  showed  only  a  small  amount  of  deterioration. 
Failure  of  the  tire  was  due  to  poor  resistant  e  of  the  nylon  cord  to  irradiation.  From  tin: 
tests,  it  has  been  concluded  by  the  researchers  that  tires  prepared  from  tuhhor  con¬ 
tinuing  6  phr  of  Akroflex  C  may  survive  two  or  more  actual  aircraft  landing  after  re¬ 
ceiving  a  radiation  exposure  dose  of  8.  4  x  10^  ergs  g~  *  (C).  Significant  improvement  in 
service  life  may  be  expected  with  the  use  of  radiation- resistant  e.oril. 


-10 


Harmonl  *  examined  three  types  of  nylon  tire  cords  end  found  that,  at 
a.  5  x  108  ergs  g- 1  (C)  {’.07  reps),  nylon  irradiated  in  air  lost  more  than  50  per  cent  of 
its  original  tensile  strength.  When  irradiated  in  a  vacuum  to  the  same  exposure  dose, 
these  nylon  .Tibet  s  decreased  less  than  15  per  cent  in  tensile  strength.  Elongation  of 
these  fibers  increased  from  1  to  40  per  cent  when  irradiated  in  a  vacuum  ns  compared 
with  a  decrease  of  40  to  50  per  cent  when  irradiated  in  air.  Table  30  gives  the  stress- 
strain  values  of  nylon  cords  irradiated  in  air  and  in  a  vacuum.  From  this  table  it  can  he 
seen  that  nylon  irradiated  in  air  shows  a  rapid  loss  of  flex  life  with  increasing  radiation 
exposure  in  air.  At  8.  5  x  108  ergs  g"  1  (C),  nylon  has  lost  100  per  cent  of  its  flex  life. 
Thus,  it  is  seen  that  oxygen  is  a  strong  contributor  to  the  degradation  of  physical  prop¬ 
erties  of  nylon  in  the  presence  of  radiation. 

Nylon  cord  was  used  in  a  tire  subjected  to  radiation.  The  cord  did  not  fail  at  doses 
which  were  expected  to  deteriorate  the  nylon.  This  illustrates  the  difficulty  of 

estimating  the  stability  of  a  material  when  used  in  a  component  system. 

Because  cf  its  radiation  stability,  Dacron  has  been  recommended  for  use  as  ti re¬ 
cords  where  radiation  stability  is  essential.  Dacron  is  not  adversely  affected  by  air 
when  irradiated,  as  shown  by  the  tensile  and  elongation  strengths  and  the  ilex  life  of 
Dacron  tire  cords  when  irradiated  in  air  and  in  u  vacuum  (sec  Table  31). 

TABLE  31.  PROPERTIES  OF  DACHON  TIRE  CORDS  IRRADIATED 
IN  AIR  AND  IN  A  VACUUM!  1*?) 


Exposure 

Dose 

Flex  Life!®) , 
hours 

ergs  g- 

1  (C) 

roentgens 

Air 

Vacuum 

0 

0 

V  If. 

4.  3 

H.  7  x 

106 

10* 

3.  IB 

4.  4 

ti,  7  x 

10» 

10*' 

4.  94 

4,  1 

i,  (t  X 

10u 

3  x  I0(' 

3.  19 

1.  7 

8.  7  x 

lu8 

1U7 

4.  87 

3.  4 

Tensile 

Air 

St.venjjthjy_ 

Vacuum 

Elonjjntiim,  % 
Air  Vacuum 

35.  0 

38,  0 

)  3.  1 

13.  1 

37,  3 

35.  7 

14.  1 

18.  4 

33.  (. 

30.  4 

U.  4 

1.8,  4 

34,  7 

18.  1 

14.  3 

1  1.  1 

31. 7 

17.  A 

1 1.  (. 

IS,  1 

<«)  I'lux  Ilf  -  doliirndncd  by  iiicmiiriiiy,  miui  life  uf  tiro  rnidi  mulur  »  b-paimd  In.id. 
(h)  TetM  loud  ^Iven  In  jioiindi. 


in  a  study  to  determine  the  comparative  stability  oi  various  fibers  used  for  tire 
cords,  Dacron  with  qmnhydrone  or  quinone  used  as  an  antirad  showed  buttox  resistances 
to  radiation  than  the  other  tire-cord  fibers  examined.  Dacron,  both  with  and  with¬ 

out  tiie  antirad,  showed  the  best  retention  of  stress-  st  rain  properties  after  irradiation. 
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i'i  anspai eacie  s 


Wolock  and  Parker  of  the  National.  Bureau  of  Standards^  ^ studied  the  possibilities 
of  improving  the  heat  resistance  of  transparent  plastics  used  as  aircraft  glazing  by  sub¬ 
jecting  them  to  irradiation.  The  comonomers  investigated  were  ethyl  methacrylate,  n- 
octyl  methacrylate,  methyl  acrylate,  isobutyl  acrylate,  n-octyl  acrylate,  methyl  alpha- 
ehloroaerylate ,  vinyl  acetate,  allyl  acetate,  acrylonitrile,  1 ,  3-butadienc,  methyl 
methacrylate,  styrene,  and  2,  5-dichlorostyrene.  The  effects  of  irradiation  on  copoly¬ 
mers  oi  methyl  methacrylate  and  styrene  are  shown  in  Tables  A- 5  7  and  A-58,  respec¬ 
tively,  Results  indicate  that  the  most  promising  polymer'.,  are  the  butadiene  and  acry¬ 
lonitrile  copolymers  of  methyl  methacrylate  and  the  acrylonitrile  copolymer  of  styrene. 
Although  the  authors  experienced  some  difficulty  in  preparing  styrene- butadiene  copoly¬ 
mers,  these  too  appear  to  hold  some  promise.  No  appreciable  increase  in  the  heat 
resistance  of  these  thermoplastics  due  to  radiation- induced  crosslinking  was  observed. 

Tests  were  also  made  at  ASD  on  acrylic-  and  polyester- type  glazing  materials 
(see  Tabic  32  for  description  of  these  materials).  ( 1  ^  All  of  these  transparent  plaBtic 
materials  were  significantly  discolored  by  gamma  radiation.  Each  material  underwent 
a  characteristic  sequence  of  color  changes  which  varied  an  a  function  of  radiation  dose 
(eoe  Table  A- 59). 

The  materials  tested  were  relatively  susceptible  to  physical  and  chemical  changes 
during  exposure  to  gamma  radiation.  The  first  observed  change  was  that  of  discolora¬ 
tion,  Optical  properties  of  the  materials  word  more  sensitive  to  gamma  irradiation  than 
wore  the  mechanical,  thermal,  or  permanencc-typ«  properties.  Table  A-60  shows 
threshold  and  25  pur  cent  damage  doses  for  Irradiated  transparent  plastics.  Radiosensi¬ 
tive  properties  were  first  detected  at  a  done  of  about  1  to  5  x  107  ergs  g"  *  (C),  After 
doses  ranging  from  ?.  x  10  7  to  1  x  10^  ergs  g”  ^  (C),  properties  were  degraded  by  25  per 
cent  or  more,  Index  of  refraction,  linear  dimensions,  and  weight  of  the  plastics  wore 
apparently  unaffected.  MIT- P-8257  and  Sierracin  880  exhibited  the  best  over-all  radia¬ 
tion  resistance,  based  on  par  cent  change  in  properties  with  dose,  while  Grafite  was  the 
least  stable. 


RADIATION  EFFECTS  ON  SPECIFIC  POLYMERIC  MATERIALS 


Radiation- effects  Information  is  presently  available  on  a  variety  of  rubber  and 
plastic  materials.  This  information  is  at  times  conflicting  bee;  ase  workers  have  nut 
used  identical  compositions  and  equivalent  radiation  conditions  in  their  experimental 
studies.  With  these  qualifications  in  mind,  the  results  of  radiation  studies  on  rubber 
and  plastic  materials  are  summarized.  Furthermore,  these  studies  show  that  the  ra¬ 
diation  resistance  of  elastomeric  and  plastic  materials  is  dependent,  on  (l)  the  composi¬ 
tion  of  the  compound,  i.  e.  ,  type  cf  curing  agents,  antioxidant,  fillers,  and  other  addi¬ 
tives  utilized  in  their  preparation,  and  (2)  processing  and  curing  conditions.  There  is 
some  indication  that,  for  thermosetting  materials,  llu:  state  of  cure  affects  resislan.'  o 
of  the  compound  to  radiation.  Consequently,  in  the  discussion  of  data,  a  complete;  de¬ 
scription  or  lo.st.ury  of  the  compound  and  conditions  of  irradiation  are  given  whenever 
possiblc.  hi  the  discussion  attempts  were  made  to  arrange  materials  according  to  their 
radiation  resistance.  The  materials  with  greater  resistant  o  are  discussed  first. 
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Elastomers 


In  general,  elastomers  arc  less  radiation,  resistant  than  are  plastic  materials. 
Among  the  more  resistant  elastomers  are  the  polyurethane,  natural,  and  adduct  rubbers. 
For  static  operations,  the  polyurethane  rubbers  can  bo  used  up  to  4.  4  x  10  H  ergs  g“  * 

(C),  the  adduct  rubbers  to  8.  7  x  1 0 1 0  ergs  g"  '  (C),  and  natural  rubber  to  4  x  10^9  ergs 
g‘  1  (C).  Under  dynamic  conditions,  these  exposure  limits  are  considerably  reduced. 

Most  elastomers  increase  in  hardness  when  irradiated.  However,  Butyl  and 
Thiokol  rubbers  soften  and  become  liquid  with  high  radiation  doses. 

The  silicone  and  fluorine- containing  polymors  are  the  most  satisfactory  rubber 
for  use  above  300  F;  howevar,  they  are  below  average  in  radiation  resistance.  Nitrile 
and  neoprene  rubbers  arc  the  best  for  use  below  300  F.  There,  radiation  stability  is 
somewhat  better  than  that  of  the  silicone  rubbers. 

Filler-loaded  elastomers  are  more  radiation  resistant  than  is  pure  gum  stock; 
carbon  black  appears  to  be  the  bast  filler  for  improving  a  compound’s  radiation  resist¬ 
ance.  Curing  conditions  are  also  important;  a  slightly  undercc red  compound  is  indi¬ 
cated.  Additional  stability  can  also  bo  realized  through  the  use  of  antirads;  however, 
those  compounds  are  specific  in  that  some  are  morn  effective  with  one  type  of  polymer 
than  with  another.  The  beat  results  are  obtained  if  the  antirad  is  used  in  combination 
with  the  commonly  uaed  antioxidant,  phenyl  bet*  naphthyl  amine. 


Natural  Rubber 


Natural  rubber  is  among  the  most  radiation  resistant  of  the  eiastomaro  thus  far 
tested,  bp, sod  on  the  change  of  its  over-all  properties.  Irradiation  of  natural  rubber 
Induces  croesllnking.  Tint  elastic  properties  decrease  and  the  hardness  of  the  compound 
increases.  This  is  similar  to  the  effect  of  cvorvuleunlieation.  On  prolonged  vulcaniza¬ 
tion,  natural  rubber  acquires  a  rigidity  comparable  with  that  of  glass,  Sismnn  and 
Bopp^*'^  found  that  similar  results  arc  obtained  with  increasing  amounts  of  radiation. 


Collino  and  Cnlkino^  *)  reported  that,  on  the  basis  of  static  dala  published  by 
Bopp  and  vSioniiinC^),  natural  rubber  is  unaffected  up  to  an  absorbed  dose  of  approxi¬ 
mately  Z,  Z  x  10®  ergs  g“  *  (C).  Twenty-five  per  cunt  damage  is  accrued  for  over-  all 
properties  at  doses  of  approximately  5,  8  x  1  o'-1  ergs  g"  *  (C).  Its  tensile  strength  is  not 
advoraoly  affected  until  the  rubber  has  absorbed  fi  dose  of  Z.  4  x  10^  ergo  g-  1  (G),  find 
elongation  and  set  at  break  arc  not  affected  up  to  a  dose  of  approximately  3.  5  x  10®  ergs 
g"  1  (C).  Twenty- five  per  cent  damage  is  accrued  with  respect  to  tensile  strength  at  an 
absorbed  dose  of  1.5  *  1019  ergs  g"  *  (C).  Therefore,  in  applications  where  tensile 
strength  is  the  primary  requirement,  natural  rubber  would  probably  lie  satisfactory  up 
to  this  dose.  The  specific  gravity  of  natural  rubber  begins  to  increase  at.  an  absorption 
of  Z.  4  x  10  10  ergs  g“  1  (C).  At  a  dose  of  1,4  x  10*1  ergu  g"  *  (C) ,  the  specific  gravity  of 
samples  irradiated  at  Oak  Ridged®)  increased  from  1 .  1  9  to  1 ,  24. 


Harrington^  1  1  *1)  found  that  natural- rubber  compositions  possess  a  fair  amount  of 
flexibility  after  exposure  to  8,  7  x  10 '9  ergs  g"  1  (C),  but  will  break  when  flexed  180  de¬ 
grees  after  exposure  to  4.  3  x  10  1 0  ergs  g"  '  (C).  The  hardness  of  natural- rubber  com¬ 
positions  increases  with  increased  radiation  dose  while  elongation  decreases.  Tensile 
strength  of  optimum-cured  compositions  tends  to  decrease  in  general  on  irradiation  up 


to  4.  3  x  lOlQ  ergs  g“  ^  (C),  then  tends  to  increase.  Stress  cracking  of  natural  rubber 
may  start  at  a  relatively  low  exposure  dose  of  4.  3  x  10^  er«»»  i? '*  1  1C).  and  becomes 
more  severe  with  increasing  exposure.  For  maximum  service  it  is  important  to  com¬ 
pound  natural  rubber  with  an  antioxidant  (antirad)  if  the  composition  is  under  stress  dur¬ 
ing  radiation  exposure. 

Convair^1  ^  irradiated  a  natural- rubber  vulcaniaate  having  a  Shore  A  durometer 
hardness  of  40  and  a  composition  having  a  Shore  A  durometer  hardness  of  between  70  and 
80  to  an  exposure  dose  of  2.  4  x  10^  ergs  g"  *  (C)  (6  x  10^  fast  n  cm"^,  6  x  10*3  nv<jt  and 
5  x  10*6  y  The  effect  of  radiation  on  the  mechanical  and  physical  properties  of 

these  materials  is  shown  in  Table  A-61.  Recipes  are  given  in  Table  A-46.  ft  i  f  be 
noted  that,  for  the  samples  having  the  greater  hardness  (Shore  A  durometer  har  ess 
of  70  to  80),  tensile  strength  decreased  20  per  cent  and  elongation  decreased  27  per  cent 
This  change  in  tensile  strength  is  somewhat  greater  than  would  be  expected  from  pro- 
vious  data  which  show  threshold  damage  as  occurring  after  an  absorbed  dose  of  about 
1.5  x  10 10  ergs  g"  The  change  in  elongation  is  in  tho  range  which  would  be  expected. 
The  lack  of  change  in  compression  set  also  agrees  with  previous  data.  However,  the 
original  compression  set  of  these  samples  is  much  higher  than  that  for  samples  pre¬ 
viously  reported.  The  results  for  the  softer  material  (Shore  A  durometer  hardness  of 
40)  in  which  no  change  was  found  for  tensile  strength  and  elongation  might  also  be  ex¬ 
pected  if  the  difference  in  hardness  is  related  to  tightness  of  cure  rather  than  to  the 
effect  of  plasticiser. 

Studies  have  been  reported  on  the  effect  of  radiation  on  natural  rubber  when  under 
stress  or  under  dynamic  conditions.  Tests  at  Goodrich^1  show  that  natural  rubbex 
has  excellent  retention  of  Yersley  resilience,  has  good  hysteresis  properties,  and  is 
resistant  to  change  in  permanent  eet  during  flexing  on  irradiation.  Convair  reported 
the  changee  in  mechanical  properties  of  a  natural- rubber  O- ring  material  Irradiated 
while  under  stress.  0)  The  recipe  for  this  natural- rubber  stock  having  a  Shore  A  durum- 
eter  hardness  of  35  to  40  is  given  in  Table  A-46.  Samples  wore  irradiated  while  under 
25  per  cent  compression  or  while  held  in  180  degree  bend  with  a  5/B«inch  radiue  at  the 
bond.  Doth  control  and  Irradiated  eamplee  wore  hold  in  thie  condition  for  e  total  o ft. 

30  days.  Including  radiation  time.  The  specimens,  both  stressed  and  unetreeeed,  were 
irradiated  to  three  exposure  levels  at  ambient  temperature.  Mechanical  properties  of 
thie  rubber  before  and  after  irradiation  are  given  in  Table  A-47,  The  compression- set 
button*  from  the  same  formulation  were  irradiator!  unstressed,  The  compression  set  of 
tltis  material  after  Irradiation  is  given  in  Tablu  A-  4H, 

Thu  results  of  those  tests  show  that  unturul  rubber  irradiated  while  under  stress 
decrease  in  tensile  strength  and  elongation  to  a  much  greater  degree  than  tho  unstressed 
rubber.  Also,  compression  sot  of  the  natural-  rubber- vuleanir.ato  buttons  decreased  by 
35  per  cent  when  tho  samples  were  irradiated  while  unstressed,  but  compression  set  ol 
the  O-ring  scgmentti  compressed  during  irradiation  increased  from  6  per  cent  for  the 
control  to  80  per  cent  at  the  highest  douc,  At  Ihe  two  higher  exposures  the  permanent 
set  in  the  180  degree  bend  was  100  pur  cent. 

Newell,  of  Convair  Aircraft  Corporation,  offers  the  following  explanation  for  these 
results.  The  predominant  reaction  during  irradiation  of  natural  rubber  is  crosslinking 
of  the  molecules.  When  the  rubber  in  under  compression  during  irradiation,  the  cross¬ 
link  ing  tends  l.o  act  the  rubber  permanently  in  the  existing  strained  condition;  when  the 
rubber  is  irradiated  unstressed,  the  crosslinking  results  in  a  harder  and  more  rigid 
Structure  which  tends  to  resist  subsequent  compression  set. 
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Newell  also  found  that  the  stressed  samples  cracked  badly  on  the  outside  of  the 
!80  degree  bend  where  the  rubber  was  under  tension.  At  the  two  higher  exposure  levels, 
similar  cracking  also  occurred  in  the  compression  buttons.  This  cracking  was  believed 
to  be  due  to  the  ozone  content  of  the  atmosphere  in  the  radiation  field.  O- rings  irradiated 
in  the  grooves  of  the  chamber  doors  did  not  show  this  cracking.  This  was  due  to  the  lack 
of  contact  of  these  O- rings  with  ozone  on  the  outside  of  the  bend,  since  this  portion  of 
the  O- ring  was  in  contact  with  the  pool  water. 

In  c  second  study  on  the  effect  of  irradiation  on  stressed  rubber,  Shelborg  and 
Gevantman  from  the  U.  S.  Nival  Radiological  Defense  Laboratory  determined  the  effect 
of  radiation  on  stressed  natural  rubber.  Their  approach  was  to  irradiate 

natural  rubber  that  was  stretched  400  to  500  per  cent  and  follow  the  changes  in  crystal¬ 
linity  by  X-ray  diffraction  measurements.  They  found  that  stretched  rubber  is  extremely 
sensitive  to  radiation  damage,  which  manifests  itself  by  stress  relaxation  and,  finally, 
rupture.  The  changes  in  etrosn  relaxation  result  in  changes  in  X-ray  diffraction  inten¬ 
sity  and  those  changes  can  be  determined  without  damage  to  the  samples.  Also,  the  total 
irradiation  times  until  samples  ruptured  give  an  indication  of  radiation  stability,. 

Shelborg  and  Gevantman  also  irradiated  stretched  specimens  prepared  from 
natural  latex  and  solid  pale  crepe.  These  rubbers  differed  in  additives  and  cure  and 
were  used  to  give  a  comparison  of  the  influence  of  composition  and  fabrication  on 
radiation- induced  crystallinity  change*.  Their  formulations  are  given  in  Table  A- 6 2. 

The  latex  specimens  were  a  commercial  item  compounded  and  cured  for  great  strength, 
while  the  pale- crepe  samples  were  sparingly  compounded  and  cured,  but  capable  of 
beln^f  highly  stressed  without  relaxation.  The  latex  rubber  was  stronger  and  more 
oxtauuiblo  than  the  milled  pale  crepe  and  contained  an  efficient  natural  antioxidant. 


One  i.etex  and  three  pslc-crupo  samples  were  irradiated  while  stretched  500  per 
cent  lit  a  nitrogen  atmosphere  and  at  a  temperature  of  78  F.  Irradiation  was  by  means 
of  X-ray*  at  an  absurhed  dose  rate  of  l,  I  x  107  ergs  g"  1  hr"1.  The  time  for  rupture 
and  the  absorbed  doses  are  shown  in  Table  33.  The  latex  rubber  was  mo-*  radiation 
resistant  than  the  crepe,  and  both  lost  physical  properties  at  10H  to  10^  ergs  g"  1 
absorbed  dose. 


TABLE  33.  TIME  AND  X-RADIATION  DOSE  FOR  RUPTURE  OF  NATURAL 
RUBBER  SAMPLES  STRETCHED  500  PER  CENT<n9) 


Rubber 

Tim<*  for  Rupture, 
hr 

Absorbed  Dose, 
ergs 

Latex 

68.  5 

}.  4  x  lO'1 

Palo  crepe 

10.0 

Z.  1  x  10fi 

8.  5 

1.8  x  108 

8.  9 

1.  9  x  108 

Average  for  Pale  Crope 

9.  1 

1.  9  x  10» 

(a)  Absotbutl  doje  rale  ■  2.  1  x  11)"*  ci„r  g‘*  hr'1, 


Bopp  and  Sisman^  ^  allowed  that  natural  rub  -  <:n  stretched  300  per  rent  loat 

crystallinity  at  an  exposure  rinse  of  8,  7  x  108  cr';'.  j.  which  is  in  agreement  with 

the  Shelborg  results.  On  the  othur  hand,  these  doses  oi  108  to  1 0^  ergs  g~  1  (C)  cannot 


produce  detectable  physical-mot  hanical  changes  in  un stretched  rubber  Thus  u  can  be 
seen  that  stretched  natural  rubber  is  less  resistant  •  radiation  than  the  unstretched 
rubber. 

In  another  stress- relaxation  study,  Tobolsky  and  Mercuric  of  Princeton  University 
determined  that  oxidative  chain  scission  at  temperatures  of  176  F  and  266  F  is  independ¬ 
ent  of  the  degree  of  c  rest  linking  in  radiation-vulcanized  natural  rubber.  ^  Scission 
occurs  randomly  alone;  poliisoprene  chains  and  not  specifically  at  crosslinked  sites. 

Natural  rubber  has  been  evaluated  for  use  in  aircraft  tires  and  particularly  in  the 
functional  are  of  antirads.  With  regard  to  use  in  tires,  it  has  been  found  that  natural 
rubber  containing  an  antirad  in  a  tire  tread  is  not  affected  greatly  on  exposure  to  approxi¬ 
mately  10®  ergs  g“  1  (C).(**)  Detailed  rvsuite  on  tire  tire  teats  are  presented  in  the  sec¬ 
tion  on  tire  components.  Most  of  the  studies  with  natural  rubber  have  been  on  the  evalua¬ 
tion  of  different  antirads.  This  work  is  carried  on  by  J,  W.  Born  and  co-workers  at 
The  B.  F.  Goodrich  Company.  ^ 1  ^  In  their  investigations,  they  have  evaluated  over 
100  different  types  of  materials  for  antirad  properties,  N-phenyl-N-  cyclohexyl- p- 
phonylonediamino  extended  the  life  of  natural  rubber  by  a  factor  of  10.  More  recent  work 
by  these  researchers  Indicated  that  this  effect  is  obtained  through  a  combination  of  the 
above  antirads  and  beta- naphthyl  amine. 

Bauman^O)  measured  the  effect  of  antirads  on  the  crosslink  yields  in  black-loaded 
natural- rubber  stocks  during  gamma  irradiation  {6,  4  x  I0h  org»  g"  1  hr"1)  (V,  3  *  10^  v 
hr"*).  The  crosolink  yields  were  determined  by  swelling  techniques.  Antirads  decrease 
tike  crosslink  yields  if  oxygen  is  absent.  Oxygen  alone  effectively  decreases  crosslink 
yields.  In  the  presence  of  oxygen  some  antirads  further  decrease  crosslink  yields,  while 
others  increase  crosslink  yields  by  their  presence.  These  results  may  bu  explained  in 
forms  of  competitive  reactions  between  R  radicals,  the  untirad,  ind  oxygen.  Evaluation 
of  the  ratios  of  crosslink  yields  and  scission  yields  indicate  that  most  of  the  scission  is 
temporary  In  nature,  the  chain  breaks  being  reformed  rapidly. 


Polyurethane  Rubber 

Harrington's  studio*  ( indicate  that  these  elastomers  are  capable  of  giving  sat¬ 
isfactory  service  to  at  least  8,  7  x  10*^  ergs  g“  *  (C).  The  uruthme  clusluinoru  arc  nut 
affected  up  to  8.  7  x  If/1  ergs  g“  *  (C),  but  are  damaged  by  about  25  per  cent  at  about 
4.  3  x  SO*  ergs  g”  *  (C).  The  moot  interesting  property  Is  hardness,  which  remains 
r  elatively  unaffected  even  at  8.  7  x  10  ergs  g‘  *  (C).  The  elastomers  are  resistant  to 
stress  cracking  and  retain  a  great  amount  of  flexibility  and  physical  strength  at 
8.  7  x  10*0  ergs  g~  *  (C).  At  this  oxposure  doee,  compositions  can  be  prepared  that  will 
bend  180  degrees  without  cracking.  The  results  are  given  in  Table  34, 

This  typo  of  elastomer  tends  to  decrease  in  both  tensile  strength  and  elongation 
upon  exposure  to  radiation.  In  general,  it  tends  to  soften  up  to  exposure  doses  of 
4.  3  x  10*0  ergs  g"  *  (C),  and  then  becoracB  increasingly  harder.  Compounding  ingredi¬ 
ents  appear  to  have  little  effect  on  radiation  resistance  for  most  types.  The  curing  sys¬ 
tem  may  be  a  factor,  but  further  work  is  necessary  to  establish  this. 

Polyurethane  rubber  has  been  reported  previously  as  being  equal  to  or  I '.otter  than 
natural  rubber  with  respect  to  radiation  resistance.  Harrington  reported  that 
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TABLE  34.  EFTECTS  OF  GAMMA  RADIATION  ON  THE  PROPERTIES  OF 

HEAT-R  ESIS  TANT  ISOC  YANATE-  UR  K  THAN  E  EL  AS  TOM  ERS  < 1 0  0  > 


Materia  I  s 

Exposure  Dose 
ergs  g- 1  roentgen 

C  x  10-6 

Initial  Properties  and  Pei 
Hardness  Elongation 

Shore  A  Afa  Per  Cent  A  % 

•  Cent  Change 
Tensile  Strength 
F.H  A  % 

Remarks 

Adiprene 

C-  1 

0 

0 

62 

530 

4300 

Black 

4.4  x  108 

5 

-1.5 

-10.4 

(a) 

8.  7  x  I08 

10 

-2.9 

-13.  2 

(a) 

4.4  x  109 

50 

-1.  5 

-40.  6 

-30.4 

8.  7  x  109 

100 

-12.9 

-57.  6 

•  53.3 

2.  6  x  1010 

300 

-1.5 

-74,  5 

-75.  7 

4.4  x  1010 

500 

17.  3 

-83.  4 

-  80.  1 

8.  7  x  1010 

1000 

15.9 

-87.  7 

-80.4 

Adiprene 

C-2 

0  Q 

0 

75 

360 

3800 

Black 

4.4  x  10® 

5 

-2.5 

-6.9 

<a) 

8. 7  x  I08 

10 

-2.5 

-4.2 

(a) 

4.4  x  109 

50 

-1.3 

-1.5 

-15.  1 

8. 7  x  109 

100 

-3.0 

-30.5 

-39.3 

1. 3  x  1010 

150 

0.0 

-55.5 

-46.9 

2.6  x  10j0 

300 

0.0 

-74.2 

-62.  3 

4.4  x  1010 

500 

5.  1 

-81.  1 

-7  2.2 

8.7  x  1010 

1000 

11.4 

-84.  7 

-67.9 

<b) 

Adiprene 

C-3 

0 

0 

69 

593 

4400 

Black 

4.4  x  10° 

5 

1.4 

3,  2 

<«> 

8.  7  x  10» 

10 

1.4 

-  6.  0 

4.4  x  109 

50 

-6.0 

-  17.8 

-37.5 

8.  7  x  109 

100 

-7.2 

-30.4 

-50.4 

1. 3  x  1010 

150 

-6.0 

-48.0 

-  5B.4 

3. 6  x  lOif 

3y.f) 

-1.5 

-  67.  3 

-66.4 

4.4  x  1018 

500 

1.5 

-81.  !1 

-75  9 

8. 7  x  10>0 

1000 

14.  5 

-87.0 

-80.9 

Adiprene 

C-4 

0 

0 

68 

445 

3445 

Black 

8,  7  x  109 

100 

27.9 

-83.2 

-  59.  1 

(O 

Chomigum 

XSL 

0 

0 

69 

690 

4000 

Black 

5. 2  x  108 

6 

-2.9 

0.0 

-  5.9 

8.  7  x  108 

10 

-9.0 

-  12.  1 

-  25.  2 

4.4  x  109 

50 

-  17.4 

-31.9 

-  68.  0 

8. 7  x  109 

100 

-  20,  3 

-  58.0 

-  79.  5 

(c) 

3.  6  x  iO18 

300 

-  14.  5 

-  2a.  8 

-  86.  7 

(‘1) 
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TABI-E  34.  (Continued) 


Exposure  Dose  _ _ initial  Properties  and  Per  Cent  Change 

ergs  roentgen  Hardness  Elongation  Tensile  Strength 

Materials  (C)  x  10-6  Shore  A  A%  Per  Cent  A%  Psi  Remarks 


PR  631-70 

0 

0 

77 

540 

3170 

Black 

4,  4  x 

1C8 

5 

-1.3 

-2.2 

-4.  1 

8.7  x 

10« 

10 

1.  3 

-2.2 

-1.  1 

4.  4  x 

109 

50 

0.0 

-20.  7 

-22.  1 

8.7  x 

109 

100 

-2.  6 

-30.  2 

-33.9 

2.  6  x 

10!0 

300 

-5.  2 

-56.  6 

-58.  5 

4.4  x 

1010 

500 

-2.6 

-  69.  6 

-65.  1 

Disogrin  DSA 

6865 

0 

0 

77 

700 

6500 

Tan 

4.  4  x 

108 

5 

1.3 

2.6 

(a) 

8.7  x 

108 

10 

-1.3 

5  0 

(a) 

4. 4  x 

109 

50 

0.  Q 

-44.  3 

-52.  5 

(e) 

8.7  x 

109 

100 

5.2 

-68.  1 

-76.4 

il.  6  x 

10*° 

300 

9.  1 

-95.0 

>•  86.  7 

4  ,  4  ■*£ 

10*0 

BOO 

in  a 
»  ” 

■96. 4 

-90.  3 

8.  7  x 

10  *0 

1000 

20,  8 

-95.  7 

-89.9 

nitogrin  DSA 

7560 

0 

0 

80 

650 

5000 

13  VnWlI 

4.  4  x 

1<>8 

8 

-2.5 

-13.  1 

(a) 

8.  7  x 

1 1)8 

10 

-5.0 

-  19.  2 

(tv) 

4.  4  x 

I09 

50 

-9.0 

'•40.  2 

-46.  8 

8.  B  x 

ll>9 

67 

-3.0 

-49.  5 

-68,  7 

8.  7  x 

109 

100 

-2.9 

-60.  7 

..81.2 

1.  3  x 

io*o 

180 

-2.5 

-H3.B 

»  87,  1 

M 

....  , 

2,  6  x 

10*0 

300 

2.5 

-92.  3 

-91,6 

(») 

(•>  E*'veitril  rfpatliy  el  teiiillu  letter  (tciulle  itrrngtM  jacttci  ihwi  4090  pil), 
(b)  Uroku  Wlitsu  Uuill  1  BO  iltgren. 

(i>  Sllgliily  tteky. 

10)  Suit  mil  tteky. 

(e)  Ptrk  brown. 
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elastomers  wove  capable  of  giving  satisfactory  service  to  8.  7  x  10*0  oegs  g"  *  (C).'*1"'' 
SchoUcnbergei  at  The  B.  F.  Goodrich  Co,  recently  completed  a  study  on  polyure¬ 
thane  s(  *  22)  and  concluded  that  limited  dynamic  applications  might  be  practical  after  an 
exposure  of  1.  7  x  10*  1  orgs  g"  *  (C)  and  static  applications  might  he  feasible  after  ex¬ 
posure  to  4.  4  x  10**  or  8.  7  x  10**  orgs  g"  *  (Cl.  However,  at  the  latter  dose,  Ihe  mate 
rial  has  degraded  to  such  an  extent  that  it  i3  very  weak  and  brittle.  Mechanical  proper¬ 
ties  of  three  Idstane  elastomers  (The  B.  F.  Goodrich  Co.)  are  given  in  Tab1**  :** 

three  radiation  exposure  doses, 

Schollenbnrger  found  that  samples  which  became  wet  shov  ~.J  poor  radiation  stabil¬ 
ity.  Water  leaked  into  the  aluminum  canister  containing  the  samples  being  :.r.-  .ivnM  to 
1,  7  x  10**  ergs  $>“  *  (C),  It  may  he  noted  in  Table  A-63  that  tonsile  strengths  of  ail  three 
polyurethanes  exposed,  to  this  dose  are  considerably  lower  than  those  of  the  Bampies  ex¬ 
posed  to  the  next  higher  douo  [4,  4  x  10**  ergs  g“  *  {C)J .  This  would  be  expected  since 
polyurethanes  are  moisture  sonaitive. 

He  also  found  that  the  preoence  of  benzene- ring  etructuree  in  the  diisocyunute 
coupling  agents  Improved  tho  radiation  stability  ol  the  polyurethanos.  Among  the 
dlisocyanate  chain  couplers  studied,  the  order  of  their  ability  to  improve  tho  radiation 
resistance  of  the  polyurethanes  was  found  to  be:  p- phenyl  one  dliaoc  ynnate  «  diphenyl 
methane-4,  4'  dtiiiiocyanste  >  m-phenyUme  dilsoeynnatu  >  2,  4  tuLu)  lene  diisocyanato,  For 
example,  polyurethanes  containing  a  p- pheuylnua  nucleus  in  the  dilnoeyanate  coupling 
agent  end  a  branched  or  lung  -  chain- glycol  chain  extender  (In  place  of  butanodlol  1,  4) 
had  improved  radiation  resistance.  Rstwue  VC  containing  1 1  per  cent  bound  diphenyl- 
methane  p,  p'- dUsucyauate  had  better  stability  than  variations  of  the  mutarbU  -ontaming 
lceu  than  1 14  per  cent  nr  move  than  36  per  rant  of  this  coupling  agent. 

A  high  aromatic  content  in  the  polyester  "backbone"  component,  ue  in  polylri- 
nthylene  phthnlute,  appears  to  eidtsnce  Um  gamma-  radiation  rtis.ti.anct:  •>'  derived 
polyuruthanoN  from  the  standpoint  of  retention  of  both  slrusn- si  rain  and  solution  prop¬ 
erties.  However,  on  the  busts  of  lit  hollenbe rgm •' s  work,  a  high  aromatic  content  in- 
I  endue ed  by  means  of  the  glycol  chain- extending  component  appears  to  enhance  radiation 
resistance  to  a  teaser  degree.  This  is  of  paiticuiar  interest  to  thou;  studying  the  rudia- 
tlon  stabilities  of  various  organic  groups.  No  reason  for  tho  lack  of  improvement  in  the 
radiation  resistance  of  tho  polyurtd.. -nee  containing  aromatic  glycol  component*'  has 
boon  given.  Srhollrnbergor  also  found  that  p<  1  r  .cun  based  on  polyesters  wore 
more  radiation  ruslstunt  than  Ihosr  hired  < -i  polyeihers.  (*22) 

The  poLyincrs  arn  reported  to  absorb  oxygon  during  gamma  i.r radiution.  This  has 
also  beum  noted  in  ultraviolet- radiation  exposures.  Ordinarily,  oxygen  is  believed  to 
react  with  free  radicals  formed  by  chum  scission  and  inhibit  crnssllnklng.  However, 
for  pol  yurothnnoe  this  does  not  appear  to  be  tVM  -  in  )t  does  not  result  in  degradation  of 
properties.  The  aromatic  composition  arm  i nr"  ...ure  of  the  polyu  fetin',  tun;  promote  "end- 
linking",  Unit  is,  the  chain  ends  recombine  to  form  rroaeUnks,  Thus  physical  prop¬ 
erties  do  not  deteriorate. 

A  comparison  of  natural- rubber  and  diiaocyanate  polyester  O-  rings  iu  presented 
in  'I'able  24.1®®)  Results  show  that,  at  3  >:  10***  ergs  g“  *  (Cl,  the  hardness  of  the  poly¬ 
ester  did  not  change  from  its  originial  value,  b  ,o  the  natural  rubber  changed  from 
TO  to  05. 
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According  to  Festancr  and  Qcvnntmant  ^  a  quick  and  useful  rneti-ocl  for  measur¬ 
ing  Ihe  radiation  damage  in  polyurethane  elastomers  is  to  use  the  relationship  between 
the  extant  of  crosslinking  and  the  degree  of  swelling  in  a  solvent.  A  linear  relationship 
was  found  between  radiation  dose  and  crosslinking  using  three  different  sc'vontr. 

Changes  in  crossiinking  was  observable  for  doses  as  low  as  1  x  10®  ergs  g"  *  (C) 

(10”  rads}. 


Adduct  Rubbers 


Adduct  rubbers,  manufactured  by  The  Goodyear  Tiro  and  Rubber  Co,  ,  are  pre¬ 
pared  by  reacting  diene  rubbers  such  as  poi/butadiene,  ieoprune,  etc.  ,  with  a  low- 
molecular- weight  alkyl  mercaptan.  A  highly  simplified  representation  of  a  complex 
set  of  chain  reactions  is  given  by  R.  M.  PiersonO^)  as: 

RSH  *  CHr  CH-CH  CH2  -  CHZ  CH  CH^  CMg  •■■■ . 

s 

I 

R 


The  reaction  is  generally  carried  out  in  latex  form. 

Moyor^1^)  prepared  u  butadiene  adduct  polymer  89  per  cent  saturated  with  methyl 
mercaptan  which  showed  u  high  resistance  to  an  exposure  dose  ox  8.  6  x  10^  ergs  g"  •  (C), 
retaining  60  per  cunt  of  its  elongation.  Results  for  a  natural  rubber,  neoprene,  and  the 
adduct  polymer  are  given  in  Table  35.  Meyer  feels,  on  die  basis  of  tills  work,  that  the 
adduct  rubber  makes  tills  class  of  olttstom* louk  extremely  promising  for  uses  with 
radiation  exposure.  It  is  possible  dial  the  greater  degree  of  Maturation  may  account  for 
some  of  the  increased  rudlati'in  stability.  In  regard  to  determining  the  effect  of  the 
mercaptan  molecule,  It  would  he  interesting  to  compare  the  radiation  stability  of  a 
hydrogenated  butadiene  with  a  butadiene  rubber, 

In  a  later  work  Moyer,  et  al.  ,  (*«>)  determined  die  radiation  resistance  of  adduct 
rubber  at  various  exposure  levels  and  over  u  temperature  range  of  -120  to  +  200  F, 
Natural  rubber  was  used  us  the  control  sincu  it  1ms  been  reported  >o  have  a  longer  use¬ 
ful  llfu  than  others  when  exposed  to  gamma  radiation.  Data  fox'  both  rubbers  are  pre¬ 
sented  in  Table  36. 

■Loss  data  wore  obtained  on  I  io  95  per  cent  saturated  adduct.  However,  the  meas¬ 
urements  that  were  made  indicated  that  it  deteriorated  at  a  somewhat  lower  rule  than 
the  BB  per  cent  saturated  adduct.  Doth  the  88  and  95  per  cent  saturated  adducts  exhibited 
much  greater  resistance  to  degradation  by  gamma  irradiation  than  did  natural  rubber. 

The  95  per  cant  adduct  appears  to  match  resin-cured  Butyl  up  to  about  5  days’  air-oven 
aging  at  300  F,  and  all  the  adducts  studied  show  better  aging  than  neoprene  at  this  tem¬ 
per, dure,  At  500  to  600  F,  the  adducts  appear  far  superior  to  both  resin- cured  Butyl 
and  neoprene,  in  addition,  the  95  per  cent  adduct  exhibited  a  stability  that  was  many 
times  heller  than  that  of  either  Butyl  218  or  neoprene  upon  exposure  to  Oiaone. 

I I,irrwigton(  1^.1)  investigated  an  86  per  cent  and  a  92  per  cent  methyl  mercaptan 
adduct  of  polybufadiene,  and  a  65  per  cent  methyl  mercaptan  adduct  of  a  67/33  butadiene- 
airy  limit  rile  rubber,  lie  found  the  adduct  rubbers  to  bo  among  the  better  elastomers 
will)  respect  to  radiation  stability.  The  ’itrilo  adduct  was  leas  stable  than  the  butadiene 
adduct  rubbers,  but  was  more  stable  than  the  cor  responding  nitrile  rubber.  The  change 
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TABLE  35,  COMPARISON  OF  RADIATION  STABILITY  OF  GOODYLAR  ADDUCT, 


NEOPRENE  GN,  AND  NATURAL 

RUJ3BERS(  U-l 

Elastomer 

Adduct 

Neoprene  GN 

Natural  rubber 

Total  Pigment,  parts 

55 

20 

33 

TensUc  Strength,  psi 

Original 

1800 

2900 

3050 

After  4,  2  x  10®  ergs  g"*  (C) 

1925 

2650 

2975 

After  8,  5  x  109  ergs  g"*  (G) 

2550 

500 

625 

Elongation  at  Break,  per  cent 

Original 

580 

900 

605 

After  4.  Z  x  10tt  ergs  g’*  (C) 

550 

835 

525 

After  8.5  x  109  ergs  g~  *  (C) 

350 

120 

140 

300%  Mutlul.ua  ,  psi 

Original 

1000 

350 

950 

After  4.  2  x  10®  ergn  g "  ^  (C) 

1150 

t7  5 

luuu 

Alter  8,  5  x  1U9  eirgn  g"  1  (C) 

2325 

-u 

-- 

TABLE  1C.  EFFECT  OK  GAMMA  RADIA  TION  ON  ADDUCT  AND 
NATURAL  RUBBER  AT  VARIOUS  TEMPERA  HIKES*  ’ 


Tensile /Elongation,  per  cent 


Compound 

Exposure 

retained  at 

indicated 

tempt  rntut’e 

ergs  g-  '  (C) 

mega  reps 

- 1  20  F 

78  F 

+  20(Tf" 

Adduct  (88% 

3.  39  x  1(>9 

■JO 

106/85 

100/80 

100/75 

saturated) 

8.  46  x  l()9 

[(H) 

1  00/45 

85/85 

90/55 

1 , 64  x  101  0 

200 

-- 

... 

80/40 

Natural  rubber 

3.  14  x  10  9 

40 

80/00 

65/85 

20/  15 

ri.  46  x  K)9 

I  00 

5  5/  50 

50/40 

o/r 

ioz 


in  t.he  nitrile  Adduct  rubber  due  to  ir  radial  ion  followed  the  same  patle  rn  as  those  of  the 
corresponding  nitrile  rubber  at  low  and  intermediate  exposures.  However,  it  did  not 
increase  in  tensile  strength  at  high  radiation  exposures  like  the  nitrile  rubbers,  but  con¬ 
tinued  to  decrease  Recipes  for  the  adauct  rubbers  tested  are  given  in  Appendix  A, 

Table  A- 6-1 ,  while  the  changes  in  mechanical  properties  are  shown  in  Table  A- 65,  Fig¬ 
ure  1Z  shows  the  changes  for  the  VZ  per  cent  saturated  methyl  mercaptan  adduct  of 
butadiene. 

Gamma- Ray  Exposure, ergb g_,{C) 

8.7X10®  8  7x!07  8.7x10°  8,7x10°  8.7X10 10 


FIGURE  Id,  MECHANICAL- l'KOI'ERTY  CHANGES  IN  A  <H  1'liH  CENT  fiA’I  U RATED 
METHYL  MEROAl'TAN  ADDUCT  KUlWiEK  EXPOSED  TO  GAMMA  RA¬ 
DIATION  IN  AIR  AT  WE  AND  NUHMA.l ,  ATMOSPHERIC  PRENKU  l<  W( 1  l‘l) 

Styrene-butadiene  Rubber,  iiRK  (C1U-S) 

Sly  rent!- butadiene  rubber  (SDK),  commonly  called  OK-  S  or  tire  rubber,  retiiuln 
radiation  better  than  most  of  the  common  synthetic  rubbers,  but  it  is  not,  equal  lu  natu¬ 
ral  rubber  in  radiation  resistance,  These  polymers  deteriorate  primarily  by  a  cross- 
linking  mechanism.  Consequently,  they  tend  to  harden  on  irradiation. 

It  has  been  shown  by  Dolman  and  co-workm>^^)  that  the  radiation- induced  main- 
chain  or  c rostd inking  reaction  of  SDH  in  solution  proceed  by  a  random  mechanism, 
Although  the  end  chemical  effects  would  apparently  be  different,  vuleani/.atcs  of  SJIR 
treated  in  the  solid  state  should  also  be  expected  to  be  randomly  attacked  by  high- energy 
radiation.  In  a  random- 1 ype  degradation  reaction,  all  molecular  weight  spin  ics  of  a. 
polymer  are  equally  susceptible  to  radiation  damage.  It  seems  highly  improbable  that 
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the  radiation  stability  of  SBR  could  be  improved,  therefore,  by  fractionation  procedures1. 
On  tiie  other  hand,  it  is  quite  feasible  that  the  attack  of  SBR  elastomers  can  be  inhibited  \ 
to  some  extent  by  introducing  into  the  backbone  of  side  chains,  structures,  such  as  pheryyl 
rings,  which  can  readily  absorb.and  dissipate  rrdiation  energy  without  itself  or  neighbour¬ 
ing  groups  being  appreciably  affected.  The  h.t'U'ature^-*?)  indicates  that  there  is  a  liinit 
to  the  number  of  phenyl  rings  which  can  inf’ uf  nee  the  radiation  stability  of  the  polyn^r 
molecule.  Addition  of  phenyl  rings  above  tfc-.s  limiting  concentration  would  not  neces¬ 
sarily  produce  a  corresponding  increase  in  the  resistance  of  tiie  elastomer  to  atjfcck  by 
gamma  radiation. 

Work  by  Stanley  and  Delman(*30)  indicates  the  relative  stability  of  the  efrincipai 
structural  linkages  in  SBR  polymer.  The  cis-  1,  2  butadiene  groups  containing  the 
external  double  bond  are  more  rapid*,  y  degraded  by  ionizing  radiation  than  ?ire  the  in¬ 
ternal  trans-1,4  butadiene  units.  Ti-  ’  phenyl  concentration  in  the  SBR  chains  is  only 
moderately  affected  by  irradiatioi: ,  because  of  the  stabilizing  influence  oi  the  phenyl  ring 
in  the  structure.  In  the  radiatioi  d>  gradation  process,  environmental  factors,  such  as 
the  presence  of  small  amounts  of  o-  .ygttn  in  the  system,  are  important  and  must  be  taken 
into  account.  / 


8  l  / 

Threshold  damnge  is  r;.ac<  ed  at  2  x  10  ergs  g~  1  (C),  and  25  par  cent  damage  is 
accrued  at  1  x  10?  ergs  g"l  \C)  Teni.ile  strength  changes  leas  readily  than  that  of  nat¬ 
ural  rubber.  According  to  Bo;  p  and  SiamanC^),  the  tensile  strength  of  SBR  does  not 
decrease  by  25  per  cent  until  .t  has  absorbed  a  dosage  of  approximately  3  x  10*0  ergs 
g*1  (C),  as  compared  with  a  iosage  of  1.  5  x  10 10  ergs  g“  1  (C)  for^nrtural  rubber.  Al-  - 
though  its  tensile  strength  c  i».nges  less  readily  than  for  natural  /ubber,  over-all,  it  is 
not  equivalent  to  nature!  rv  jjer  in  resistance.  (89)  Other, properties,  such  as  elonga¬ 
tion,  set  at  break,  am.  co>  r.pression  set,  decreased  by  25  per  ^ent  at  a  dosage  of 
1.  5  x  109  ergs  g”  *  (C).  p  f 

hr 

Studies  by  John  Vt .  Born^3*^  indicate  that  the  stability  of  styrene- butadiene  poly 
.vners  to  radiation  unp  oves  as  the  styrene  content  is  increased.  GoodrichO^Z)  test, 
both  hot  GR-S  (pelyxr  .rized  at  12 2  F  or  higher)  and  cold  GR-S  {polymerized  at  41  F  a  .d 
found  the  rate  of  change  of  properties  »nder  ii  radiation  to  be  about  the  same  for  b.  h 
types  of  rubbers.  ;!he  initial  physical  properties  of  the  cold  type  are  superior  to  those 
of  the  hot  typ?,  an  .  this  superiority  is  evident  after  irradiation. 


Data  public aed  by  Harrington(*33)  show  that  SBR  rubber  can  be  exposed  to 
8.7x  1010  erg;  g"l  (C)  without  becoming  stiff  or  brittle^  However,  they  will  tena  to 
break  if  bent  1*0  degrees.  The  tensile  strengths  may  change  differently  for  different 
compositions.  In  some  compositions,  there  is  no  change;  in  some,  tensile  strength  de- 
crea.ves  ■'•nly  slightly  with  a  low  exposure  dose  and  then  decreases  more  r  .pidJy  with 
increased  e.v.osure  Joses;  and  in  others  tensile  strength  continuously  inc -eases.  Hard¬ 
ness  increases,  elongation  decreases  with  continued  exposure.  A;i  three  proper¬ 

ties  are  very  little  a*.  during  exposure  to  8.  7  x  108  ergs  g"  1  (C).  These  elasto¬ 
mers  sho*-/  evidence  of  struts  c  racking  at  exposure  doses  of  4.  3  x  109  erg;  g”  1  (C)  and 
higher,  \nd  must  be  compounder  with  antioxidants  for  maximum  service  under  stress. 

A  comparison  of  styrene  butadiene  rubber-having  a  Shore  A  durorreter  hardness  of 
40  with  one  having  a  hardness  of  70  to  80(  shov/oc  that  the  rubber  having  the  lower 
hardness  decreased  in  '  Me  strength  when  irradiated  A  in  exp'a.ure  dose  of 
2.  4  x  1C?  ergs  g"  l  (C)  (6  x  lO^  fast  n  cm"2,  6  x  l0l3  nvov,  aVui  ij  x  .» 0 1 6  -y  cm-2)>  while 
the  harder  m  ':r.al  increased  in  tensile  strength.  ;  This  decrease  in  the  softer  material 
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is  somewhat  surprising  and  may  bn  due  to  the  presence  of  a  plasticizer.  'I  lie  composi¬ 
tion  mi  'lire  of  this  material  were  not  given.  The  stock  with  a  hardness  of  70  to  80 
showed  ....  expected  good  adiation  stability  at  the  exposure  dose  of  ?..  4  x  10l?  ergs  g"  ■ 
(C).  Test  results  on  the  effects  of  radiation  on  the  mechanical  properties  for  these  SBR 
rubbers  arc  given  in  Table  A- 66. 

The  results  of  some  combined  environmental  tests  on  SBR  rubber  are  discussed  in 
a  previous  section  of  this  report  entitled  Elastomers.  Data  on  room- temperature  com¬ 
pression  set  arc  given  in  Table  12. 

The  SBR  polymer  can  be  improved,  with  respect  to  stability,  by  the  addition  of  an 
antirad.  Two  of  the  better  antirads  for  this  rubber  are  Akroflex  C  and  alpha - 
naphthyiaimr.e.  ^  ■*  ^  WitJi  Akroflex  C,  an  SBR  insulation  compound  changes  to  50  per 
cent  act  on  exposure  to  1.  39  x  U>9  ergs  g"  1  (C),  as  compared  with  0.  70  x  10^  ergs  g“  * 

\C)  for  a  control  containing  no  antirad.  Also,  the  control  lost  approximately  60  per 
cenl  of  its  elongation  at  0.80  x  1()9  ergs  g~  1  (C),  as  compared  to  45  per  cent  for  the  com¬ 
position  containing  Akroflex  C  at  1.  26  x  10^  ergs  g“  *  (C).  (132) 

Goodri. .  ^2}  also  reports  that  the  addition  of  Hycar  HH,  a  brominated  Butyl  rub¬ 
ber  which  is  more  compatible  than  ordinary  Butyl  rubber,  to  SBR  (CJR-S)  delays  radia¬ 
tion  damage.  The  Hycar  HH- styrene- butadiene  gum  stock  required  ten  times  the  radia¬ 
tion  dosage  lo  effect  the  same  change  no  that  produced  in  tho  pure  gum  SBR  stork. 
However,  tho  addition  of  Hvcar  HH  to  a  carbon  black- reinforced  compound  did  not  im¬ 
prove  its  radiation  resistance. 

Recent  work  at  Goodrich^ indicated  that  oil- extended  SBR  containing  25  phr  of 
aromatic  processing  oil  (APO)  was  more  radiation- resistant  than  regular  SBR.  Pursu¬ 
ing  this  idea  further,  high  viscosity  SBR  was  extended  with  the  following  hydraulic,  mate¬ 
rials  recommended  by  W ADD  for  their  radiation  resistance:  1 , 4- diphenoxyhen/.enc 
(DPB),  1- (p-(t-oumylphtmoxy)-4  phonoxy  benzene  (CPP11),  and  alkyl  diphenyl  ether 
<C1<rC1())  (ADPltlJ, 

Table  37  summarizes  die  radiation  resistance  of  these  different  polymers  on  the 
basis  of  the  dose  required  for  50  per  cent  compression  sot  (Dy),  and  the  radb.lion- 
iiuluced  I'ompression  set  at  5.  23  x  101^  ergs  g"  1  (C)  (SD), 

From  Table  37  it  is  soon  Unit  the  oil- extended  polymers  are  more  resistant  to 
ratliati.m- induced  compression  set  than  is  the  control  "cold"  polymer.  Perhaps  other 
radiation- resistant  oils  which  possess  good  antirud  properties  could  be  developed  for 
extending  SBR  and  further  increasing  its  radiation  resistance. 


Butadiene  Rubber 


The  available  information  suggests  that  butadiene  rubber  is  somewhat  less  stable 
when  exposed  to  radiation  than  is  SBR.  Work  by  Born''4**'  indicates  that  it  crosslinks 
more  readily  when  exposed  to  radiation  than  does  SBR. 


Studies  by  Grace,  Davis,  Hunt,  and  I»ley(^5)  show  that  mass  polymerized  p.dy- 
Initadiene  containing  30  phr  of  an  1IAF  black  is  about  equivalent  to  SBR  rubber  in  re¬ 
sistance  to  radiation.  A  comparison  of  a  natural  rubber,  SBR,  and  polybutadiene  with 
radiation  is  presented  in  Table  38, 


TABLE  37.  COMPRESSION  SET  OF  VARIOUS  ELASTOMERIC 
COMPOUNDS  AFTER  IRRADIATION ( 1  i4) 


Compound^ 

»s{b)> 

109  ergs  g_1  (C) 

S 

bn  ' 

per  cent 

SBR,  Type  1500 

2.  23 

Control 

2.  23 

71 

20  phr  ADPF. 

rv 

\0* 

vn 

67 

25  phr  APO 

2.  61 

67 

25  phr  CPPB 

3. 09 

63 

25  phr  DPB 

3.  13 

62 

Natural  rubber 

1.  35 

79 

C in- poly butadiene 

0,  39 

90 

(a)  A IJPE  ■  Alkyl  diphenyl  cllitr(Ci.i'C|,i) 

Apo  «  Aromatic  puti  cxiiig  ml 

CW’B  •  1  ‘<|> ■  "cmiiyl  |ilivuoxy)*-t  plicnoxy  twn/euc 
Ol'U  ■  I,  'l*<ll|ilh,llt>xylll,iueilc, 

(b)  Dg  ■  Omc  required  for  Ml  |n  i  icit  eoinpic*i|ori  h'I. 

<c)  Knliaiioii'indiiied  eoinprmiiyit  set  ai  x  I0!*  erg»  g ’*  (il), 


TABLE  38.  PHYSICAL  1  'ROPER TIES  OF  NATURAL,  STYKENfl-flU TADIENE,  AND 
POLYliUTADIENE  ELASTOMERS  BEFORE  AND  AFTER  IRRADIATION^ 1 


Properties  Alter 
Irrudiution  to 


_ Original  Prope 

flies 

1.  7  x 

1010  Ergs 

G"1 (C) 

1  onsiic 

Klonga- 

Tensile 

ElongU" 

Strength , 

lion,  1 

Hardness , 

Strength , 

t  km , 

Hardness , 

Polymer 

pa  i 

% 

Shore  A 

p«i 

% 

Shore  A 

Natural  t  50  partti  HAF 

3900 

665 

66 

2935 

350 

76 

SBR  i  50  parts  HAF 

3125 

600 

64 

2465 

185 

82 

Mass  polybutadiene  + 

2  380 

525 

58 

1665 

165 

78 

SO  parts  HAF 


Cis-  polybutadione  has  poorer  resistance  to  compression  set  during  irradiation 
tlicn  natural  rubber.  (See  Table  37.)  Its  resistance  is  more  like  that  of  the  halogenaled 
polymers  or  Hycar  4021.  With  a  property  as  radiation- sensitive  ar  compression  set  it 
is  not  unexpected  that  changes  of  any  kind  in  the  polymer  system,  e.  g.  ,  cis  to  train* 
isomerization,  would  render  the  vulcanizate  less  resistant  to  radiation  damage  on  the 
basis  of  this  measurement. 


Vinylpyridme  Elastomers 

In  general,  the  vinylpyridine  elastomers^1  ^  are  quite  resistant  to  effects  of  radia 
tion.  Carbon- black  loaded  stock  exhibited  very  little  change  in  tenBile  strength  until 
exposure  to  4.  3  x  109  ergs  g"  1  (C).  This  stability  ie  probably  due  to  the  pyridine  ring. 


The  hardness  ot  this  type  polymer  increased  with  increased  radiation,  changing 
by  25  per  cent  at  2.  6  to  4.  3  x  10  10  ergs  g~  1  (C).  The  elongation  decreases  rather 
rapidly  and  loses  more  than  25  per  cont  between  the  levels  of  4.  3  x  10®  and  4.  3  x  10^  ergs 
g"1  (C).  At  4.  3  x  101<J  ergs  g'  1  (C),  as  much  as  50  per  cent  of  the  tensile  strength  may 
be  lost  (see  Table  39).  Specimens  tested  up  to  8,  7  x  19*  ergs  g"  1  (C)  did  not  stross 
crack.  Fillers  appear  to  have  an  effect  on  stability.  Carbon-black  filled  stock)*  exhib¬ 
ited  very  little  change  in  tensile  strength  until  exposure  to  about  4.  3  x  109  ergs  g'  1  (C). 
For  ailier-loadnd  stocks,  the  tensile  strength  was  reduced  substantially  at  low  exposure 
doses  [<5  a  10®  ergs  g“  1  (C)J,  remained  about  the  tamo  at  intermediate  doses  (  5  x  10® 
to  10 10  ergs  g-  1  (C)| ,  and  increased  at  higher  doses  [  >  10 1  0  ergs  g”  1  (C)  | . 


Acrylonitrile  Rubber 

Nitrile  rubbers  (butadiene-acrylonitrile  copolymers)  have  excellent  oil  resistance 
and  good  heat  resistance  (up  to  4<K>  F).  F'or  tins  reason  they  have  found  extensive  use  in 
aircraft  purls. 

Tiie  most  common  nitrile  rubbers  commercially  available  contain  approximately  20, 
2b,  35,  and  45  pur  cent  acrylonitrile,  The  oil  resistance  improves  with  the  increasing 
content  of  acrylonitrile  but,  at.  the  same  time,  the  freezing  point  also  rises.  Data  indi¬ 
cate  Unit,  in  general,  acrylonitrile  rubbers  are  about  average  with  respect  to  radiation 
stability.  Hoth  crosslinking  and  chain  cleavage  occur  at  low  am)  intermediate  exposure 
doses,  chain  cleavage  predominating  when  tensile  alrengLh  docreaees  and  c  res  slinking 
predominating  when  it  increases.  At  higher  exposure  do  sea .  crosslinking  is  very 
predominant, 

The  effect  of  the  acrylonitrile  content  iti  the  various  nitrile- rubber  compounds  Is 
not  too  pronounced.  Probably  the  most  significant  offuct  of  increase  in  nitrile  content 
is  on  tensile  strength.  The  original  tensile  strength  appears  to  be  progressively  lowered 
by  radiation  as  the  acrylonitrile  content  is  reduced.  Although  the  effect  on  hardness  is 
not  so  pronounced  as  that  on  tensile  strength,  hardness  appears  to  increase  slightly  with 
increasing  radiation  exposure  as  the  acrylonitrile  content  is  reduced.  Flexibility  and 
minimum  change  in  properties  of  the  higher- acrylonitrile* content  compounds  show  them 
to  be  slightly  superior  in  radiation  resistance, 
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tabi.k  ay. 


Materials 


Pliilprcnc  Vl'-A-l 


Philprcrifi  VP-A-2 


PliUpreur  VP -A -.a 


i'lulpruiie  V1‘  ■  lii-i 


Plillpicuu  VP-26-1 


Hllllprene  VP-26-2 


ergs  g-1  (Q 


ii 

4.4  X  10® 
8. 7  x  108 
4.4  x  10-’ 
9.  7  x  tl)>» 

2.6  x  IQ10 
4.4  x  101C 

0 

4.4  x  10® 

8. 7  x  10® 
4. 4  x  10° 
8.7  x  10fl 
2.0  X  10 i0 
4.4  X  10 10 

0 

4.4  X  10s 
8.7  X  10® 
4.4  X  10U 
8,  7  x  1011 
2.0  X  1010 


4.4  X  10 


10 


4.4  X 

8.  7  X 


4.4  X  10" 
8.7  X  10!l 
2,0  X  10 lu 


to 


4.4  x  10 


4.4  X  JO 
11.7  X  10H 
4.4  X  10:l 


8.7  X  JO» 


2.0  X  10 
4.4  X  10 


0 

■I  X  10H 


X  10 


4.4  X  10'1 
8.  1  X  10!> 


2.0  X  10 
1.4  x  10 
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1 

■ 

Vinyljiyri.li 
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0 

70 
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6 
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-08.0 
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0 

81 
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6 
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-0.6 

10 

3.7 

-6.0 

1.3 

t>0 

8. 0 
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14.8 

-08.7 

11.8 
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18.6 

-86.1 
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BOO 

23.6 

"08, 6 
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0 

86 

646 

3806 

a 

2.4 

-23.1 

-27.  4 

to 

3.i» 

-30.0 

-27.  0 

GO 

7.1 

-64. 0 
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0.4 

-77.  !l 
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300 
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-00.  8 

-11.  s<°> 

800 

17,7 

-100.0 

12.  3<») 

0 

401- 

2700 

r. 
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10 

r 
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PR .  6 

O,  l) 
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Work  by  Sisman  and  i’opp has  indicated  that  threshold  damage  is  reached  for 
nitrile  rubber  containing  3b  to  *10  per  cent  acrylonitrile  at  an  absorbed  dose  of 
2  x  10®  ergs  g"  *  and  25  per  cent  damage  accrued  at  7  x  10®  ergs  g”  *.  Fur  this  higher- 
acrylonitrile- type  rubber,  it  was  found  that  the  compression  set  degrades  by  about 
25  per  cent  at  an  exposure  dose  of  ?  •:  !Q®  ergs  g- 1  (C).  Its  tensile  strength  at  f'rst  in¬ 
creases  by  aDout  40  per  cent  and  then  decreases,  and  increases  by  about  25  nor  cent  at 
l.  6  x  iOlO  ergs  g"  1  (C). 

Recent  work  by  BornOl)  indicates  that  the  higher- acrylonitrile-containing  poly¬ 
mer  a  were  the  more  stable  when  exposed  up  to  3.  5  x  10^  ergs  g"  *  (C).  At  10 *0  ergs 
g~  *  (C).  ernaslinking  appears  to  increase  with  increased  nitrile  content. 

Harrington^*  ^  0  at  General  Electric  determined  the  radiation  stability  of  three 
nitrile  rubbers  containing  differing  amounts  of  acrylonitrile.  Two  series  were  run,  one 
without  carbon  black  and  with  a  minimum  of  compounding  ingredients  and  one  containing 
carbon  black  and  the  usual  compounding  materials.  The  nitrile  rubbers  used  repre¬ 
sented  very  high  (50  per  cent),  medium-high  (33  per  cent),  and  low  (20  per  rent)  acrylo¬ 
nitrile  contents.  Tabic  A- 67  gives  the  recipes  used  for  this  aeries  of  touts  while 
figure  13  and  Table  A -68  show  the  effect  of  acrylonitrile  content  on  the  gamma- radiation 
Induced  changes  in  the  physical  properties  of  nitrile  elastomers. 

Harrington  summarized  those  effects  of  acrylonitrile  content,  staling  that  for  the 
prupoiliuu  examined  (tensile  strength,  elongation,  and  hardness),  changes  induced  by 
radiation  appeared  to  be  a  function  of  the  acrylonitrile  content.  These  changes  are  as 
follows: 

(1)  At  radiation  doses  up  to  2.6  x  10*®  ergs  g”  *  (C),  the  rate  and  per  cent 
of  Increase  in  tensile  strength  is  greater  for  those  rubbers  containing 
higher  amounts  of  acrylonitrile  than  for  those  containing  lens  acrylo¬ 
nitrile,  the  rale  of  increase  being  greater  u/i  exposures  are  increased. 

(2)  Klongfttlon  follows  a  different  pattern.  Nitrile  rubbers  containing  the 
larger  percentages  of  acrylonitrile  hnvo  the  higher  original  elongations. 

When  irradiated,  elongations  of  those  rubbers  decrease,  but  the  rate  of 
decrease  is  not  uniform.  At  low  radiation  doses,  thu  per  cent  decrease 
is  greater  for  ulustomurs  having  higher  acrylonitrile  contents  than  for 
those  containing  loss  acrylonitrile,  but  at  higher  doses,  tills  is  re¬ 
versed.  At  an  exposure  dose  ol  approximately  10*®  ergs  y '  *  (O), 
elongation  of  nitrile  rubbers  lusted  approached  a  common  value  regard¬ 
less  of  the  nitrile  content.  At  thu  highest,  dose  examined 

(2,6  x  10*0  m-ga  g-  l  (C)|,  the  samples  containing  the  smaller  amounts 
of,  acrylonitrile  retained  their  elongation  bettor  than  these  having 
higher  acrylonitrile  contents,  although  in  all  cases  elongation  values 
wore  low. 

(3)  With  respect  to  hardness,  acrylonitrile  content  apparently  has  no 
significant  effect  on  the  increase  caused  by  exposure  to  ionizing 
radiation. 

Data  on  carbon  black-filled  nitrile  rubbers  show  Lliat  the  amount  of  acrylonitrile 
has  the  same  influence  on  the  radiation  stability  of  the  filled  as  on  that  ui  the  unfilled 
materials.  However,  the  filler  and  curing  system  may  reduce  the  ef feci.  Parker  and 
co- workers!  1  56)  aiU{jiod  the  effects  of  gamma  irradiation  on  a  group  of  four 
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FIGURE  13.  EFFECT  OF  RADIATION  ON  THE  MECHANICAL  PROPERTIES  OF 
NITRILE  ELASTOMERS  CONTAINING  VARIOUS  AMOUNTS  OF 
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ac rylonit rilc-buta diene  copolymers  containing  50,  40,  33,  and  20  per  cent  acrylonitrile, 
respectively.  They  found,  as  did  Harrington,  that  the  nitrile  rubbers  increased  in  ten¬ 
sile  strength  when  n  radiated;  the  greater  the  percentage  of  acrylonitrile,  the  greater  the 
increase  in  tensile  strength.  In  addition,  Parker  studied  the  effect  of  various  types  of 
cures  on  the  radiation  stability  of  these  copolymers.  Sulfur,  peroxide,  and  radiation 
cures  were  investigated. 

With  peroxide-cured  materials,  the  50  per  cent  acrylonitrile  copolymer  was  the 
most  stable  while  the  rubber  containing  33  per  cent  acrylonitrile  was  the  least  stable. 

The  peroxide-cured  50  per  cent  acrylonitrile  rubber  was  the  moat  stable  of  the  nitrile 
rubbers  tested,  With  the  radiation-cured  material,  the  40  per  cent  acrylonitrile  com¬ 
pound  had  the  greatest  stability  and  again  the  33  per  cent  acrylonitrile  copolymer  was  the 
least  stable.  The  sulfur- cured  materials  were  more  stable  than  the  peroxide-  and 
radiation- cured  materials  at  acrylonitrile  concentrations  of  less  than  33  per  cent,  but 
less  stable  to  radiation  at  the  higher  acrylonitrile  concentrations.  They  found  the  20  pnr 
cent  acrylonitrile  rubber  to  be  the  moot  stable  of  the  Bulfur-cured  rubbers.  On  the  other 
hand,  Born^*)  reported  that  a  70:30  butadiene-acrylonitrile  copolymer  was  the  most 
stable  of  a  series  of  90:10,  80:20,  70:30,  and  50:50  sulfur-cured  copolymers, 

Harrington  studied  tne  effect  of  filler  on  acrylonitrile  rubber.  •  Ho  reported 
that,  with  a  33  per  cent  acrylonitrile  copolymer,  as  the  carbon  black  loading  was  in¬ 
creased  up  to  about  40  parts  per  hundred  resin,  tonsile  strength  was  lowered  for  low 
radiation  exposures.  At  intermediate  and  high  doses,  tensile  strength  increased.  How¬ 
ever,  Harrington  pointed  out  that  nitrile  rubber  with  no  filler  has  a  low  tensile  strength, 
while  40  to  80  parts  carbon  black  increases  tiro  tensile  strength,  of  the  rubber  by  a  factor 
of  10  (300  psl  to  about  3,  100  psi).  These  original  tensile  values  nmst  be  considered 
along  with  the  effect,  of  the  changes  due  to  irradiation. 

A  filler  louding  of  8  to  40  per  cent  carbon  black  increases  the  ultimate  elongation 
of  nitrile  rubber,  the  maximum  elongation  being  reached  with  about  15  parts  per  hundred 
carbon  black.  With  irradiation,  increasing  amounts  of  carbon  black  result  in  a  greater 
ducruusu  In  elongation, 

Harrington  found  that  hardness  changes  worn  relatively  unaffected  by  the  amount 
of  art) oil  filler,  but  that  the  less  tlui  carbon  black,  the  groutnr  the  flexibility  of  the  rub¬ 
ber  at  any  given  exposure.  Harrington's  data  are  Included  in  Table  A~f>9  and  A- 70,  and 
Figure  14.  0  ol  /) 

The  effect  of  filler  on  nitrile  rubber  was  also  studied  at  Convairf1  0,  Formulations 
based  on  Hycar  1001,  a  high-ucrylcinitrllo  NCR,  arid  on  lly car  1052,  a  medium- high- 
acrylonitrile  NDR  which  was  polymerized  at  low  temperature,  and  two  commercial  for¬ 
mulation#,  wore  irradiated  in  air,  nitrogen  JP-4  fuel,  and  In  Oronito  8515  oit.  Humpies 
irradiated  in  the  JP-4  fuel  were  immersed  1  week  before  irradiation  and  '1  days 
after  irradiation.  They  were  then  removed  from  the  fuel  and  tested  within  2  houru. 
Samples  irradiated  in  the  oil  were  immersed  1  week  before  irradiation  and  removed 
30  days  after  irradiation.  The  formulations  are  given  in  Table  A- 7  1  and  tests  results  in 
Table  A- 72.  It  was  found  that,  although  a  filler  is  necessary  fur  high  tensile  strength 
with  nitrile  rubber,  the  percentage  of  carbon  black  did  not  influence  to  any  appreciable 
extent  the  radiation  stability  in  air.  Thu  tensile  strength  of  materials  compounded  with 
Hycar  1001  generally  increased  with  radiation  dose  while  tensile  strength  of  materials 
compounded  with  Hycar  1052  generally  decreased.  However,  the  filler1  apparently  had  a 
finite  cfleil  on  the  tensile  strength  of  the  elastomers  while  immersed  in  JP-4  fuel. 
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FIGURE  14.  EFFECT  OF  CARBON- BLACK  LOADING  ON  THE  GAMMA- RADIATION- 
INDUCED  CHANGES  IN  THE  PHYSICAL  PROPERTIES  OF  A 
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The  tensile  slrenglh  of  larbs'ti  lil.uk-  filled  eta  stome  rs  decreased  markedly  when  irradi¬ 
ated  in  the  fuel.  I  hose  without  carbon  black,  although  having  a  low  initial  tensile 
strength,  were  more  resistant  to  radiation.  There  war  no  difference  in  the  effects  on 
elongation. 

Johnson  and  Sicilio  at  Convair,  comparing  nitrile  rubbers  having  a  hardness  of 
40  and  60  to  70,  found  little  difference  between  the  effects  of  radiation  at  a  dose  of 
l.  4  x  109  ergs  g-  1  (C)  on  the  two  materials.  (^5)  Original  tensile,  strengths  of  the  two 
materials  were  the  eaino,  and  after  irradiation  the  differences  were  slight.  Both  rub¬ 
bers  showed  very  good  stability  to  this  radiation  exposure  (see  Table  A- 73). 

Nitrile- rubber  packing  compounds,  fuel-cell  liners,  and  hose  tube  stocks  wore 
irradiated  and  tested  at  room  temperature  and  158  F  by  workers!*  * >  ^1)  at  The  B.  F. 
Goodrich  Co.  Tables  A-74,  A-75,  and  A-?6  dhow  the  data  for  these  testa.  The  hone 
stock  contained  85  parts  of  nitrile  rubber  and  13,  67  parts  of  SiiK  rubber  by  weight.  Also 
included  are  data  for  a  nitrile  rubber- vinytitc  bladder  stock  for  comparison  purposes. 
Those  data  are  found  in  Table  A- 77. 


An  examination  of  these  tables  will  show  that  nitrile  rubber  stocks  are  affected  to 
a  much  greater  degree  by  boat  than  by  radiation.  Tensile  strength  was  not  affected  by 
158  F  Irradiation  to  any  appreciably  greater  extent  than  room-temperature  irradiation 
except  for  the  nitrite  rubber- 8UR  tube  stock  (Table  A- 76).  Tensile  strength  of  this  rub¬ 


ber  increased  wlum  irradiated  at  room  temperature.  When  irradiated  at  158  F,  the  ten¬ 
sile  strength  increased  until  an  exposure  dose  of  1.  7  x  lO7  ergs  g'  *  (C)  was  reached  and 
then  decreased  to  approximately  the  original  value  at  a  dose  of  5.  9  x  11)9  t.rgs  g~  *  (C), 


the  maximum  exposure  dose  for  this  test.  Heat  and  radiation  effects  were  found  not  to 


be  additive.  Changes  in  elongation  and  hardness  were  about  equivalent  for  both  room- 


temperature  and  158  F  irradiation.  Antiruds,  qulnhydrene,  or  Akroflev  fj,  gave  only  a 


slight  improvement  at  room  temperature  and  15(1  y  and  that  was  primarily  with  respect 
to  elongation.  Generally,  nitrile  rubber  titneka  containing  quinhydrone  showed  greater 
improvement  in  stability  than  did  (hose  containing  Akroflox  C. 


Compression  set  of  I  hone  nitrile  rubber  storks  was  idso  determined  in  air  and 
immersed  in  mi  alkyl  diphenyl  ether  hydraulic  fluid,  f1’*)  Thu  samples  wore  compressed 
.16  per  cent  ami  irradiated  while  under  compression.  Table  A- 78  gives  the  dose  required 
for  50  per  cent  out  and  the  compression  set  after  an  exposure  of  “5.^3  x  10^  e  »'««  u'  1  (C), 

examination  of  the  results  of  nitrile- rubber  stocks  irradiated  at  room  tempera¬ 
ture  while  under  .15  per  cent  compression  shows  that  there  is  llltle  difference  between 
the  compression  set  induced  by  rudiutio  •  whether  the  samples  are  in  air  or  in  the  hydrau¬ 
lic  fluid.  The  compression  set  of  nitrile  rubber  is  grerily  increased  when  the  rubber  is 
irradiated  while  compressed.  Anliradu  provide  some  improvement  in  .radiation- induced 
compression  snt  of  this  rubber.  The  maximum  improvement  in  comprcuuion  set  is 
seen  in  the  nitrile- rubber  bladdei  stock  containing  quinhydrone  when  irradiated  while 
immersed  in  alkyl  diphenyl  ether.  Compression  set  was  lowered  ?(i  per  cent  at  an 
exposure  dose  of  5,  2  i  x  11)9  ergs  g"  *  (C).  Compression  sot  results  obtained  at  Con¬ 
vair!'7)  were  in  agreement  with  the  Goodrich  results.  See  Table  A-  79  in  the  Appendix 
for  Convair  lest  results. 


Jot:  addition  of  live  parts  of  an  antioxidant.  (Antiox  4DJ0)  improves  radiation  re¬ 
sistance.  (I  JJ)  Ore  composition  did  not  become  stiff  or  brittle  until  an  exposure  dose  of 
6  x  10  10  ergs  g-  1  (C)  had  been  reached.  The  addition  of  a  phenolic  resin  to  ,t  nitrite 
elastomer  composition  appears  to  improve  r;  liation  resistance  slightly. 


All  ait  rile- type  elastomers  except  the  i  arboxylic  type,  such  as  llyear  10  hi,  tend 
to  stress  crack.  IJycar  1072  did  not  stress  t  rack  at  2.6  x  10^  crgn  g  *  (C).  It  is  in¬ 
teresting  to  note  also  that  this  polymer  is  resistant  to  ozone  t  racking.  The  various  data 
therefore  suggest  that  oxidation  Is  the  major  factor  in  radiation  deterioration  oi  nitriles. 
Studies  indicate  oxidation  is  very  pronounced  after  exposure  to  approximately 
1.  3  x  10 9  ergs  g"  1  (C).  Therefore,  in  preparation  of  nitrile  rubber  compositions  for 
tadiation  use,  antirad  and  antioxidants  should  he  tdiiized.  Some  nitrile  rubbers  were 
tested  in  component  systems.  These  were  discussed  m  the  section  on  components. 

More  recently,  DcZeih^®)  irradiated  butadiene  acrylonitrile  rubbers  at  gamma 
doses  ranging  from  9.  3  x  10°  to  1.86  x  10*1  ergs  g“  *  (C).  Recipes  for  the  compounds 
used  in  this  study  are  listed  in  Table  40;  the  results  of  exposures  to  various  radiation 
doses  are  presented  in  Table  41.  Compound  PXU  30Q5A  (nitrite  type)  was  relatively  un¬ 
affected  by  radiation  up  to  9.  3  x  10 ergs  g"  *  (C).  An  increase  in  the  100  per  cent 
modulus  possibly  indicated  a  beginning  of  a  deterioration  trend.  The  volume  change  of 
3005A  after  72  hours  immersion  in  Typo  III  fuel  was  slight  except  at  9.  3  x  10^  ergs  g"  * 
(C)  which  had  an  approximate  twofold  increase;  a  largo  change  occurred  at  9.  3  x  10^  ergs 
g'1  (Q.  No  significant  changes  wore  noted  with  Compound  PXU  5333  (butadiene  blond). 
O-ringa  prepared  from  PXU  5333  (and  MIL- P-5516)  and  .euted  m  a  jig  at  varying  pres¬ 
sures  and  temperaturos  passed  all  tests  up  to  200  psl  in  .TP-4  fuul  at  room  tempera¬ 
ture;  however,  failure  occurred  ut  -65  F.  Failure  alao  occurred  when  using  MIL-O- 
5606  at  3000  pul  and  -30  F. 


TABLE  40,  RECIPES  FOR  ELASTOMERIC  COMPOUNDS 


Ingredient 

PXU  3005  A 

PXU  5  333 

My  car  100 1  <«) 

100.  0 

m  - 

Ilycur  U)02<,>> 

HO.  0 

Philpruno  VP-Pik) 

2(1,  0 

Moozeuu  U 

1.0 

-- 

Zinc  oxide 

5.  0 

5.  0 

Luthnrgu 

2.  5 

-- 

Stuuric  acid 

1.  1 

SPF  carbon  black 

40.  0 

1SAF  carbon  black 

25.  0 

Tetramalhyl  thluram  diuuii'idu 

2.  '» 

1.  1 

Zinc  dibutyl  dlthiocarbamatc 

2.  5 

Bomso  thiazyl  disulfide 

-- 

0.  H 

2- More iip to  bim/.o thiazule 

0.  1 

Tellurium  diethyl  ditJuoca rhamato 

1.  6 

Tell  oy 

-- 

0.  6 

Tutra  chlorobonzoqu inone 

2,  0 

Cure 

4  5  min/  3  10  F 

60  min  / 3  10  F 

(.»)  But.iiliunf  -•«  cry  loin  wlv  copoly  pci  tom  .nmlunccl  .it  rylomtiilc. 

(b)  Btii.»'Uciit,-.i«*ryluiinnlc  copolymer;  r~'X\  per  i  cm  i  mnhincd  .it  tylnnuriic, 
(n)  Vinyl  pyridine  rubber. 
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I'OMI-RS 

f  JoilipO’lfHl 

IrXpusWU. 

erg: 

Tensile 

Stiviigili, 

|)Si 

Elongation, 
per  cent 

loo  Pci  Cent 
Modu  iu<, 
psi 

Kllul  Swell, 
per  edit 
volume  change 

IJrittle  Point, 

K 

I’XU  3000  A 

Cunt, -ol 

2782 

575 

... 

25.0 

-27 

9.3  x  106 

2720 

910 

227 

24.0 

-20 

9.3  x  107 

2450 

030 

241 

28.0 

-‘-:o 

9.3  x  108 

2000 

800 

2&U 

27.9 

-to 

9 .?  x  10° 

28  V0 

850 

207 

40. 1 

-35 

9.3  X  10,U 

2315 

8S0 

301 

25.2 

-10 

PXU  5333 

Conttnl 

3000 

450 

... 

45.0 

-90 

9.3  x  t0(' 

3090 

430 

010 

39,  1 

-104 

9.3  x  to7 

3075 

430 

535 

bu,  o 

-104 

9.3  x  10H 

27(10 

380 

541 

52.0 

-102 

9.3  x  I0y 

3170 

430 

031 

51.0 

-107 

_ _ , 

9.3  x  10lU 

2940 

380 

son 

lo.a 

-107 

Neoprene  Rubber 

Neoprene  rubbers  (polychloroproncs)  arc  resistant  to  aliphatic  oils  anti  havu  ux- 
colltmt  resistance  to  outdoor  weathering,  ozone,  and  heat  (up  to  il80  F),  They  have  good 
processing  characteristics,  und  the  physical  properties  of  thu  pure  gum  compounds  are 
good,  They  have  poor  rwsintunco  to  aromatic  oils;  chlorinated  and  other  pular  solvents 
have  a  swelling  action  on  neopruno.  Neoprene  is  similar  to  nitrile  rubber  with  respect 
to  radiation  resistance.  Data  suggest  that  chain  cltiuvage  occurs  with  neoprene  at  lower 
exposure  dosages.  At  higher  exposure  dosages,  where  there  is  an  abrupt  rise  in  tensile 
strength,  crosslinking  predominates.  Neoprenes  do  not  allow  evidence  of  stress  cracking 
at  i  x  11)10  ergs  g  '  *  (C). 

Harrington' *  ^  ^  summarized  ills  work  on  how  radiation  affects  the  physical  proper¬ 
ties  of  six  commonly  uuod  types  of  neoprene  polymers,  and  how  some  compounding  in- 
grvdiwnts  contribute  to  these  changes.  In  general,  tensile  strength  is  the  propurty  most 
sensitive  in  reflecting  the  changes  caused  by  different  umounls  mxl  types  of  compounding 
ingredients.  Fillers,  in  particular,  regulate  the  behavior  of  teusilu  strength.  Flexi¬ 
bility  is  also  u  relatively  oonsltivu  property  for  reflecting  changes  in  r.eoprenuu  after 
irradiation.  Oxygon  apparently  playu  a  minor  role  in  radiation- induced  damage  to  neo- 
prune.  An  analysis  of  tin  data  Dhowod  that  frequently  certain  effects  caused  by  male- 
rials  are  masked  out  by  efforts  of  others.  Over-all  changes  are  roughly  a  sum  of  in¬ 
dividual  net  effects. 

Tensile  strength  of  irradiated  neoprene  varies  depending  on  the  lypo  of  polymer, 
cure,  and  additives,  but  in  general,  lensiie  strength  decreases  up  to  ,i  radiation  exposure 
dose  of  4.  3  to  8.  7  x  100  ergs  g"  *  (C)<  ****)  and  then  increases  with  increasing  radiation. 
Elongation  decreases  with  increased  radiation  dose,  while  hardness  does  not  change  up 
to  an  absorbed  dose  of  4,  5  x  !0r)  ergs  g*  *  (C). 

Aromatic  plasticizers  appear  to  make  neoprene  compositions  more  stable  under 
radiation,  A  composition  containing  50  parts  of  such  a  plasticizer  showed  little  change 
in  mechanical  properties  on  exposures  to  8.  ?  x  10^  ergs  g"  *  (C). 
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Johnson  and  Sicilio^1  *  at  Co.'ivair  irradiated  a  neoprene  rubber  compounded  to 
have  a  Shore  A  durometer  hardness  of  40  and  one  compounded  for  a  hardness  of  70  to  80. 
The  rubber  was  not  identified  as  to  type.  These  compounds  were  irradiated  to  an  ex¬ 
posure  dose  of  2.  4  x  10^*  ergs  g"  *  (C)  (6  x  10^  fast  n  c m"  6  x  10^  nv0t,  and 
5  x  1 0  1  ^  >  cm' '’) .  No  changes  in  mechanical  properties  were  noted  except  for  a  slight 
decrease  in  tear  strength.  Data  are  given  in  Table  A-fiO, 

Three  neoprene  aircraft  compounds  wore  inc  luded  in  the  test  that  workers  at  The 
Fj.  F.  Goodrich  Co.  conducted  on  the  combined  effects  of  radiation  and  elevated  temper¬ 
atures  on  rubber  compounds.  (Ill  51)  A  neoprene  wire  insulation,  hose  tube  stock,  and 
packing  compound  were  irradiated  and  tented  at  room  temperature  and  at  158  F.  The  in¬ 
sulation  and  tube  stocks  were  based  on  Neoprene  GN  while  the  packing  cornpuund  was 
based  on  a  60:40  Neoprene  W- Neoprene  WHV  formulation.  The  results  of  these  tests 
are  shown  in  Tables  A- 40,  A- 50,  and  A-81.  The  packing  compound  had  very  poor  ra¬ 
diation  stability.  This,  combine,  with  poor  retention  of  properties  at  158  F,  gave  a  ma¬ 
terial  with  very  low  tensile  strength  and  per  cunt  elongation  when  irradiated  at  158  F. 

Tile  other  two  compounds  showed  bettor  radiation  stability  although  their  initial  tensile 
strengths  wetc  lower  than  that  of  the  packing  compound.  When  irradiated  at  158  F,  but 
tested  at  room  temperature,  the  combined  effects  of  heat  and  irradiation  of  the  packing 
compound  appeared  to  be  greater  than  the  additive  offoct  for  heat  and  radiation.  How¬ 
ever,  when  toils  were  run  at  158  F,  the  combined  effocts  wore  less  than  the  addition  of 
(he  radiation  and  heat  effects. 

Those  compounds  were  tilflo  irradiated  while  compressed  15  p«r  cent  and  the  com¬ 
pression  set  determined.  Table  42#  gives  the  compression  sot  when  irradiated  in  air  and 
when  Irradiated  while  immersed  in  an  alkyl  diphenyl  elher  (C14-C16)  hydraulic  fluid. 

Neoprene  in  reported  to  swell  badly  in  the  alkyl  diphenyl  ether  hydraulic  fluid. 
Ilypalon  (Chlorosulfonatod  Polyethylene) 

Hypaloii  has  extremely  good  resistance  to  oxidation  and  has  good  mechanical  prop¬ 
erties.  Although  its  resilience  is  generally  lower  than  that  of  most  rubbers  at  room 
temperature,  it  is  equal  to  or  better  th  1  those  of  other  elastomers  at  did  F.  It  can  be 
used  continuously  at  temperatures  up  to  2b0  F  and  for  intermittent  service  to  350  F,  and 
can  bo  eompoundel  for  low- temperature  resistance,  having  a  brittle  temperature  of -40 
to  -80  F.  It  has  good  resistance  to  oil,  greases,  and  chemicals.  It  is  resistant  to  fum¬ 
ing  nitric  acid,  but  it  is  adversely  affected  by  continuous  contact  with  aromatic  or 
chlorinated  hydrocarbons. 

UornU^)  describes  the  radiation  resistance  of  the  pure  gum  compound  of  ilypalon 
as  good,  but  the  radiation  stability  ol  the  black  stock  is  described  as  being  between 
those  of  nitrile  and  polyacrylu  rubbers.  Tests  are  limited,  tut  liopp  and  Sisman^*’), 
and  Buvnl^^  indicate  that  the  radiation  stability  of  Ilypalon  is  slightly  less  than  the 
average  radiation  stability  of  the  elastomers. 

On  irradiation  U10  tensile  strength  of  Ilypalon^  ^  follows  two  trends:  (1)  it  re¬ 
mains  fairly  constant  at  approximately  the  original  tensile- strength  value  up  to 
8,  7  x  It)1-1  ergs  g"  1  (C),  after  which  it  continues  to  increase  with  higher  exposure  dose, 
and  (2)  it  increases  at  low  exposure  doses,  drops  considerably  at  about  4.  3  x  10^  ergs 
g'  *  (C),  and  then  centum  ..  increase  on  continued  exposure.  Hardness  increases  and 
elongation  decreases  with  continued  exposure. 

•  j’.jhlr  is  tlipli.au*  rl  1'iMr  I-*,  Ii  n  u’iw.tUhI  IkT.  Iw  I  lit*  kniiIit  's  O'livu'ii.  r  in  i  1,'iWii}*  »  tniipaf  Utdl  wil!i  ff.r  text. 
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TADLE  42.  COMPRESSION  SET  OF  NEOPRENE  AIRCRAFT  COMPOUNDS  IRRADIATED  IN  AIR  AND  IN  ALKYL  DIPHENYL 
ETHER  (Cl4*Cl6)  HYDRAULIC  FLUID(6I) 


Compound 

Preirr2dlatlon  Compression  Set 
Environ-  Average  Time,  Average  Set, 

Amltml  mem  dayi  per  cent 

Compression  Sot  After 
Exposure  ul  5. 23  x 

10°  Ergs  U-1  (C) 

Dose  Kct|uucd  fur 
50  Per  Cent 
Compression  Eel, 
10!,eig5.  g'Mc) 

Wire 

None 

Air 

40 

40.3 

81.7 

l.  OS 

IniuUiiuii 

Akroflex  C 

Air 

45 

45.0 

78.5 

1,31 

Quinliydrone 

Air 

40 

40. 4 

79.2 

1,57 

Nunc 

HydnuLlc 

10 

37.4 

00,3 

1.07 

Akreflux  C 

fluid 

04 

40,  1 

83.  8 

1.  58 

Quinliydrone 

Cl 

07.  0 

70.7(a) 

Pecking 

None 

Air 

40 

20.  4 

7ft.  II 

1  31 

compound 

Akroflex  C 

47 

U).  2 

7ft,  H 

2.  JH 

Qulnliydrono 

40 

42,0 

hv.  a 

ft.  70 

None 

Hydraulic 

70 

H.  7 

82.3 

) .  22 

Akroflex  C 

fluid 

71 

7.  1 

70,  7 

1.  HU 

Quinliydrone 

n 

20.  0 

711.  3 

1.2C 

llOiu  tulie 

None 

Air 

48 

00,  0 

74.  1 

1,48 

nock 

Akroflex  C 

*>8 

42.  7 

7(1. 1 

1.  Uli 

Quinliydrone 

48 

32.7 

79.  1 

l.UU 

None 

Hydraulic 

70 

25,  I 

77,0 

’.  uu 

Aklollex  <: 

fluid 

07 

30.  7 

7 ft.  2 

1.  32 

Qulnliydrono 

00 

20.4 

79,3 

1.07 

(a)  Compression  ius  after  exposure  a?  4,06  x  HJ°  ergs  g"  *  (Q 
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Data  suggest  that  aromatic  plasticizers  such  as  Kertflex  A  improve  stability. 
Antirads  alone  do  not  seem  to  have  any  appreciable  effect,  or.  stability.  There  is  no  evi¬ 
dence  of  flex  cracking  of  Hypalon-type  compositions  on  radiation  exposure.  Hypalons 
appear  to  undergo  crosslinking  at  low  and  higher  radiation  doses  with  few  exceptions. 

Recent  information  indicates  that  the  compre»8icn  set  of  Hypalon  is  higher  than 
that  for  most  elastomers  and  therefore  its  use  as  a  gasket  material  may  he  limited.  (138) 

HarringtonU^?)  determined  the  effect  of  gamma  radiation  on  the  mechanical  prop¬ 
erties  of  both  litharge-magnesia- cured  and  epoxy- cured  Hypalon  compounds.  The 
epoxy-cured  material  increased  in  tensile  strength  to  an  exposure  dose  of  1.  9  x  lO?  ergs 
g~  1  (C),  but  decreased  with  higher  exposure,  losing  22  per  cent  of  its  original  tensile 
strength  (original  tensile  strength  was  1930  pai)  at  a  dose  of  8.  7  x  10 '  ergs  g"  1  (C) .  The 
litharge-magnesia- cured  material  decreased  at  intermediate  doses,  but  at  high  doses 
tensile  strength  increased  rapidly.  Elongation  of  both  materials  decreased  with  increas¬ 
ing  radiation  exposures.  Data  are  giver  in  Tables  43  and  44. 

tabu  <3.  EFFECT  OF  GAMMA  RADIATION  ON  THE  MECHANICAL  PROPERTIES  OF 
CHLOROSULFONATED  POLK  ETHYLENE  RUBDEksDS’D 


(a)  Bu,kc  whun  tvtm  180  dcgrcci. 


TABU  44.  RECIPES  FOR  CII  LOROS  I  ILI-'ON  A  TED  POLYETHYLENE 
RUBBERS  TESTED  FOR  RADIATION  STABILITY!127* 


Matcilal,  part*  by  weight 

Hypalon 

A2109D-B 

Hypalon 

A2100D-II 

Hypalon  20 

100.0 

100.00 

Litharge 

20.0 

Magnesia 

10.0 

— 

SRF  Black 

10. 0 

20.  00 

NBC 

3.0 

— 

MBTS 

(>.!> 

0.60 

Toironc  A 

0.  ft 

1.  60 

Spoil  828 

1ft.  00 

DOTH 

-- 

0.  2ft 

Cure,  mlii/l 

30/307 

.10/307 
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Polyacrylic  Rubber 

Polyacrylic  rubbers  (saturated  polyesters  of  acrylic  acid)  are  very  resistant  to 
oxygen,  ozone,  and  light.  They  are  heat  resistant  to  350  F  and  resistant  to  swelling  and 
deterioration  in  oils,  particularly  sulfur-bearing  oils  at  elevated  temperatures.  The 
radiation  stability  of  acrylic  rubbers  is  slightly  inferior  to  those  of  nitrile  and  neoprene 
rubbers.  A  dose  of  10^  ergs  g"  *  (C)  will  effect  an  over-all  change  in  physical  properties 
of  25  per  cent. 

Butyl  and  ethyl  acrylate  materials  appear  to  behave  similarly  on  radiation.  Their 
hardness  increases  with  increasing  exposures.  In  general,  tensile  strength  increases  or 
decreases  after  short  exposure,  remains  relatively  unchanged  for  intermediate  expo¬ 
sures,  and  drops,  then  eventually  increases  with  prolonged  exposure. 

Data  suggest  that,  in  general,  acrylics  undergo,  up  to  8.  7  x  10^  ergs  g“  *  (C), 
slight  amounts  of  both  croa slinking  and  chain  cleavage  with  cleavage  predominating. 

At  high  exposure  doses,  crosslinking  predominates.  After  an  exposure  dose  of 
4.  3  x  10*°  ergs  g"  1  (C),  their  tensile  strength  decreases,  which  is  indicative  of  the 
predominance  of  chain  cleavage.  There  is  no  evidence  of  stress  cracking  of  acrylate- 
type  polymers, 

Tho  polymer-type  material's  may  be  a  factor  as  to  radiation  resistance;  for  ex¬ 
ample,  for  the  copolymer  of  ethyl  acrylate  and  chiorovinyl  ether  (Hycar  4021),  the  ten¬ 
sile  strength  iu  lowered  consideraoly  at  short  and  intermediate  exposure  doses  before 
it  rises  at  the  higher  exposure  doses.  (H3) 

Polyacrylic  rubber,  like  moat  elastomers,  dsvelopo  a  high  compression  set  whon 
irradiated  while  compressed.  Data  reported  for  Hycar  PA-2  it5*)  are  presented  in 
Table  45. 


TABLE  45.  RADIATION-INDUCED  COMPRESSION  SET  OF 
POL YACK YLIC  RUBBER*51) 


Preirradiation 
Compression  Sal; 

Compression  Set 
After  Exposure 

Dose  Required 

Average 

Average 

at  5.  23  x  1()9 

Ergs  G'1  (C), 

for  50  Per  Cent 

Time, 

Sot, 

Compression  Set, 
ergs  g* 1  (C) 

Anti  rad 

days 

por  cent 

per  cont 

None 

32.  5 

13.  V 

87.  9 

0. 4  x  10a 

UOP-B8 

32.  5 

12,  8 

62.  6 

3.  74  x  I09 

Hycar  PA-21  showed  the  moot  response  to  potential  antirada  with  respect  to  com¬ 
pression  set  of  any  of  the  rubbers  tusted.  *"'1) 


Silicone  Rubbers 

Silicone  rubbers  are  highly  resistant  to  high  and  low  temperatures.  They  can  be 
used  over  a  temperature  range  of  -100  to  >500  F.  Tensile  properties  of  most  silicone 
rubbers  arc  relatively  poor.  To  obtain  good  tensile  strength  and  maintain 


high- temperature  properties,  silicone  rubbers  are  usually  reinforced  with  inorganic 
fillers,  such  as  silica.  Oil,  fuel,  and  A.oid  resiaUincos  of  these  rubbers  are  generally 
inferior  to  loose  of  nitrile  or  neoprene  rubbers.  However,  some  modified  silicones, 
such  as  the  rnothyltrifluoropropyl  and  nitriloalkyl  siloxanes,  have  good  oil  resistance. 

A  variety  of  silicone  elastomers,  having  different  chemical  constituents,  are  man¬ 
ufactured  today.  These  consist  of  six  types:  dimethyl,  methylphenyl,  methylvinyl, 
mothvlphenyiv inyl,  snethyltrifluorcpropyl,  and  nitriloalkyl  siloxanes.  Compositions  of 
most  of  these  have  been  irradiated  and  their  phys-cai  and  mechanical  properties  deter¬ 
mined  a.,er  irradiation. 

On  irradiation,  the  damage  to  silicones  will  vary  with  the  type  and  amount  of  ir¬ 
radiation,  the  composition  of  material,  time  of  cure,  the  volume  of  the  sample  exposed, 
and  environmental  factors.  Radiation  attacks  silicones  directly  and  indirectly  by  Ioniz¬ 
ing  the  molecules,  which  Indirectly  leads  to  the  formation  of  free  radicals,  othylenic 
unsdturatiou,  and  molecular  rearrangement.  As  a  result,  both  crosslinking  ami  chain 
scission  occur  simultaneously,  hut  not  to  the  Bamc  extent. 

The  principal  effects  of  irradiation  of  silicone  rubbers  are  those  of  croselinking. 
According  to  Born,  the  resultant  effect  is  equivalent  to  overvulcanization(  *^9)t  The 
hardness,  stiffness,  resilience,  hysteresis,  and  modulus  of  the  rubber  compound  in¬ 
crease  during  irradiation.  The  abrasion  resistance,  tensile  strength,  and  ultimate 
elongation  decrease.  A  few  exceptions  exist  in  which  chain  scission  predominated.  The 
tensile  strength,  ultimate  elongation,  modulus,  and  hardness  of  these  rubber  compounds 
decrease. 

It  has  btten  noted  that  radiation  damage  to  silicone  rubber  Is  lees  severe  in  an 
inert  atmosphere  than  in  air.  Immersion  of  the  rubber  in  lubricants,  fuels,  and  hydrau  ¬ 
lic  fluids  during  Irradiation  may  inhibit  deterioration,  especially  if  sir  la  excluded  from 
the  system.  Certain  types  of  stresses  increase  the  radiation  damage;  for  example, 
ulretching,  twisting,  shearing,  and  ewolllrig  forces.  On  the  other  hand,  compression 
may  decrease  radiation  damage. 

In  general,  sllicunu  elastomers  on  Irradiation  increase  in  hardness  and  tensile 
strength  and  decrease  in  elongation.  Compression  set  after  Irradiation  ie  usually  poor, 
being  in  the  range  of  88  to  100. 

It  la  felt  at  Convair  that  compression- set  data  obtained  after  irradiation  gives  mis¬ 
leading  information.  0^0)  The  purpose  of  compression  set  is  to  tost  the  cure  of  a  rub¬ 
ber.  Undercured  specimens  have  high  compression  set  while  that  of  ovurcured  samples 
is  low.  However,  if  the  sample  is  placed  under  compression  during  irradiation,  the 
amount  of  curing  shews  up  as  a  sharp  increase  rather  than  a  decrease  in  compression 
set.  Crosslinking  occurs  in  the  stressed  position  making  the  per  cent  set  very  sensitive 
to  irradiation,  In  tests  performed  at  Convair,  Newell  reports  a  permanent  set  due  to 
irradiation  of  100  per  cent  for  Silastic  7-170  (dimethyl  siloxane)  and  Silastic  2,50 
(methylphenyl  siloxane). 

In  general,  it  appears  from  Harrington's  that  the  radiation  resistance  of 

Lhe  silicone  elastomer  depends  on  the  type  and  amount  of  organic  groups  on  the  main 
silicone  chain.  The  phenyl  types  are  more  resistant  because  of  the  presence  of  the  aro¬ 
matic.  ring,  which  very  likely  absorbs  the  radiation  energy  without  affecting  the  other 
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parts  of  the  molecule.  The  dimethyl  silicones  increase  both  in  hardness  and  tensile 
strength  on  irradiation.  There  is  a  decrease  in  elongation.  This  type  of  silicone  will 
break  when  subjected  to  bend  test  after  exposure  doses  of  4.  3  x  10'^  to  5.  2  x  10'^  ergs 
g"  *  (C).  Silastic  160  broke  after  an  exposure  dose  of  8.  7  x  ! ()9  e  rgs  g“  *  (C).  Methyl 
vinyl  silicones  increase  in  hardness  with  increase  in  radiation.  These  materials  break 
on  bending  alter  exposure  doses  of  4.  3  x  10^  to  8.  7  x  10<)  ergs  g"  1  {C).  Certain  methyl 
phenyl  silicones,  such  as  GE  81504  and  Silastic  675,  retain  flexibility  up  to 
2.  6  x  10 i0  ergs  g“  1  (C).  Moat  of  these  materials  decrease  in  tensile  strength  with  in¬ 
crease  in  radiation,  and  all  harden  on  radiation  exposure.  Methyl  phenyl  vinyl  silicones 
act  similarly  to  methyl  phenyl  silicones,  and  those  tested  broke  on  bending  after 
8.  7  x  lu1'  ergs  g"  l  (C). 

In  evaluating  radiation- effects  data  on  silicone  rubbers  it  has  been  found  that  in¬ 
vestigators  do  not  always  agree  as  to  the  resistance  to  radiation  shown  by  the  different 
types  of  silicone  elastomers.  Warrick,  of  Dow  Corning  Corporation,  reports  that  a 
phenyl-type  siloxane  rubber  with  about  80  per  cent  of  phenyl  can  absorb  more  than  five 
times  as  much  radiation  as  conventional  dimethyl  siloxanes  for  equal  damageO^Z).  He 
states  that  this  type  of  silicone  rubber  "is  comparable  to  the  best  combination  of  antirad 
and  natural  rubber  in  room- temperature  radiation  exposure  and  is  outstanding  in  a  com¬ 
bined  radiation  and  temperature  environment  (200  C)".  HarringtonOOO),  Qf  Cone-  .1 
Electric  Company,  explains  that  phenyl  types  are  superior  due  to  the  presence  of  the 
benzene  ring  which  can  absorb  more  energy  without  disruption  of  the  molecular  struc¬ 
ture.  In  his  opinion,  the  methyiviuyl  types  are  intermediate  and  dimethyl  compounds 
rank  third.  In  all  cases,  experiment  ur#  have  found  that  fluorinated  silicones  are  least 
resistant  to  radiation. 


On  the  other  hand,  at  Cunvair,  Fort  Worth,  Texas,  Newell  finds  no  evidence  that 
any  uf  the  threu  principal  groups,  dimethyl,  methylphnnyl,  and  methylvinyl,  Is  more 
resistant  to  radiation  than  the  other  He  reports  that  methylvinyl  siloxane  and 

dimethyl  siloxane  show  the  best  radiation  resistance. 


Data  from  tests  performed  by  Harrington  and  tint  of  Newell  are  presented  in 
Figures  D-26,  U-2 7,  and  B- 28,  It  can  be  noticed  that  their  results  differ  for  curtain 
types.  The  most  significant  disagreement  exists  in  values  reported  for  tensile  stroll  gll'* 
The  average  value  for  per  cent  change  lu  tensile  strength  of  all  dimethyl  siloxanes 
touted  by  Harrington  show#  an  increase  of  40,  5  per  cent  while  the  uverago  value  of  duU 
reported  by  Newell  is  -5  pur  cunt.  Thu  average  value  for  tensile  strength  of  dimethyl 
Hilnxannn  shows  an  inersase  from  77 2  to  1,049  psl  as  reported  by  Harrington  and  u  de¬ 
crease  from  816  to  775  as  reported  by  Newell.  MeUiylphenyl  siloxane  elastomers  show 
a  dec ruau  •  from  834  to  751  psi  according  to  Harrington  and  an  Increase  from  744  to 
H1H  psi  according  to  Nowell.  An  increase  of  127  psi  was  reported  by  Harrington  for 
methylvinyl  siloxanes  while  Newell  reported  a  decrease  of  226  psi.  Newell  reported  an 
increase  in  hardness  from  an  initial  value  of  75  to  132  for  mothylphonyl  slloxanuo. 
Harrington's  data  showed  an  increase  of  only  60  to  83.  The  results  were  relatively  con¬ 
sistent  for  the  remainder  of  the  tests.  Hardness  increased  in  all  cases.  Elongation  de¬ 
creases  by  more  than  50  per  cent. 


The  differences  in  properties  on  irradiation  as  found  by  different  investigator s  may 
result  from  differences  in  the  type  and  state  of  vulcanization  of  the  resin  samples  and  in 
the  test  procedure  followed,  in  the  test  procedure,  the  radiation  source,  doco  rati:,  and 
approximations  made  in  calculation  of  dose  rate  are  important  variables.  Consequently, 
in  reporting  data  it  is  extremely  important  to  indicate  (1)  a  fuil  history  of  the  specimen 


tested,  as  to  cure,  size  of  sample  and  exact  composition  and  (it)  exact  conditions  of  test; 
i.  e.  ,  source  of  radiation,  dose  rate,  and  the  environment  of  radiation. 

Data  indicate  that  there  are  a  number  of  '"'ctors  which  can  influence  the  reactions 
taking  place  on  radiation  of  silicone  elastai.  e\ ■».  These  are  (1)  the  structure  of  the  sill 
cone  molecules,  (2)  the  vulcanization  system,  and  (3)  the  presence  of  additives,  such  as 
fillers  and  antirads. 


It  was  mentioned  earlier  that  the  reduction  in  aliphatic  constituents  of  the  silicone 
molecules  results  in  improved  radiation- resistant  elastomers.  This  effect  htaa  been 
studied  by  Warriclc^^  and  by  Fischer,  Chaffee,  and  Flegel^^)  of  Dow  Corning  with 
both  gamma  and  beta  radiation.  Figures  B-21  and  B- 22  show  the  results  of  these  studies. 
In  these  figures,  the  aliphatic  groups  are  represented  by  ealiphatic’  ^here 


ealiphatic 


E  all  electrons  in  aliphatic  groups 
£  all  electrons 


From  the  figures  it  can  be  seen  that,  with  compositions  having  a  low  aliphatic  content, 
i,  e.  ,  0.  126,  a  marked  improvement  in  radiation  is  observed.  Recent  studies  indicate 
that  the  best  radiation- resistant  polymer  prepared  is  23  times  more  radiation  resistant 
than  the  standard  polydimethyl  siloxanes  represented  by  die  extreme  right  of  the  curves. 

Warrick  has  compared  elongation  studies  performed  on  low  aliphatic  silicone 
elastomers  with  those  performed  on  other  elastomers  at  room  temperature.  The  com¬ 
parison  (see  Table  A-82)  shows  that  the  low-aliphatic  silicones  are  more  resistant  to 
changes  in  elongation  than  are  organic  rubbers,  including  natural  rubber  containing  an 
antirad. 


Also,  it  was  found  that  the  same  basic  relationship  held  on  irradiation  with  a 
Van  de  Graaff  generator  (beta  ray).  Sen  Figure  11-30, 

Further  evidence  that  a  reduction  in  aliphatic  in  the  silicone  molecule  produces  a 
more  radiation- resistant  polymer  is  noted  in  the  work  of  i'rober'  **■'',  Hu  dose*  "-cd  the 
c roselinking  or  curing  of  phonyltricthyl  ciliconus  by  radiation.  The  G- yield  for  cross- 
linking  of  the  dimethyl  silicones,  known  to  be  4.  5,  is  reduced  to  about  0,  8  in  the  phenyl- 
methyl  silicone  system.  This  may  bn  considered  proof  that  phenyl  groups  in  an  organic 
molecule  increase  its  ability  to  .llrripnle  hlgh-cnorgy  radiation  without  bond  rupture. 
Cleavage  of  the  silicone-methyl  bond  occurs  more  readily  than  cleavage  of  the  sllicon- 
phionyl  bond.  Also,  during  Irradiation,  silicon-hydrogen  bonds  are  pi oduend.  Two- 
thirds  of  the  Si-H  bonds  are  formed  along  the  chain,  the  remainder  at  the  terminal 
silicon  lilumu.  The  radiation  chemistry  in  the  curing  of  phenylmethyl  silicones  com¬ 
pares  with  that  of  the  curing  of  dimethyl  silicones.  The  bonds  involved  in  crosslinking 
are  Si-Si  and  probably  SiCH^Si.  Very  few  crosslinks  are  formed  through  the  phenyl 
group. 


Vulcanization  of  silicone  rubber  is  postulated,  bv  Epstein  and  Marans,  to  occur  by 
a  ireo- radical  process^ '45)t  During  irradiation,  methyl  groups  are  subject  to  attack  by 
fragments  of  peroxide  vulcanizing  agents  or  by  free  radicals  produced  by  radiation 
energy.  Both  hydrogen  atoms  and  methyl  radicals  arc  form.ed  and  react  with  each  other 
to  give  hydrogen,  methane,  and  ethane.  They  indicate  the  following  as  the  mechan.sm 
for  action  of  radiation  on  unvulcanized  silicones. 
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Formation  of  Gaseous  Products 
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•  H  +  ■  li - - >H2  Intermediate  yield 

'  CH3  +  ■  CH3 - »  C^.Hfr  Smallest  yield, 


On  the  other  hand,  methyl  radicals  or  hydrogen  atoms  could  abstract  hydrogen 
atoms  from  the  chain,  resulting  In  the  formation  of  hydrogen  and  methane. 
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It  is  the  feeling  of  Warrick  and  others  that  extensive  crosslinking  can  be  reduced 
by  the  addition  of  phenyl  groups.  The  postulate  is  that  a  high  level  of  phenyl  linking  to 
silicon  acts  to  absorb  radiation  through  the  resonant  structure  of  the  benzene  ring. 

In  order  to  check  on  the  crossilnking  phenomenon,  Warrick^  noted  the  effects  of 
radiation  from  four  different  sources:  the  cyclotron  at  the  University  of  Pittsburgh, 
cubalt-60  at  Stanford  Research  Institute,  the  Van  de  Graaff  generator  at  High  Voltage 
Engineering  Corporation,  Boston,  and  an  X-ray  generator  at  Mellon  Institute.  Attempts 
were  made  to  use  the  same  equivalence  of  energy,  regardless  of  source.  However  this 
was  not  possible  in  all  cases.  Two  points  were  demonstrated:  (1)  the  effocte  of  second¬ 
ary  radiation  on  a  number  of  silicone  rubbers  showed  the  phenomenon  to  be  similar  to 
aging  at  high  temperature  and  (2)  the  nature  of  the  process  was  shown  to  be  one  of 
crooalinking  equivalent  to  u  normal  vulcanization. 


In  studies  of  vulcanization  (crosslinking)  by  means  of  gamma  rays,  samples  were 
testud  for  strength  properties  and  for  croeslinking,  The  ten  nil.)  strength,  elongation, 
compression  sot,  and  hardness  of  three  samples  aru  summarized  in  Table  46,  The 
optimum  cure  appeared  to  be  somewhere  above  4. 1  x  lOh  ergs  g~l(C)  (6  Mrep),  Com¬ 
pression  set,  in  this  case  thu  percentage  of  unrucoverud  compression  upon  release  from 
clamps  after  If  hours'  exposure  at  1  bO  C,  was  particularly  good  at  l.  1  x  10^  ergs  gf*(C) 
(25  Mrep),  although  the  sample  was  too  highly  crossllnked  for  most  purposes, 


The  amount  of  crosslinking  which  occurred  in  these  samples  is  shown  in  Table  47. 
The  level  of  linking  was  calculated  as  follows: 

Moles  of  links  pc  r  <  .  -  — - —  , 

2  Me 

where  /)  a  density  of  filler  polymer  syatum  and  Me.  -  molecular  weight  between  cross¬ 
links.  Warrick'  s  work  shows  that  other  forms  of"  radiation  yield  substantially  the  flame 
cros  slinking  effect  at  about  the  same  dose  levels. 


Croaalinkmg  of  those  material*’  by  peroxide  curing  agents  requires  high  tempera¬ 
tures  and  long  curing  times  and  may  leave  undesirable  residual  products.  It  has  been 
found,  however,  that  the  dimethyl  silicones  m.iy  he  cured  rapidly  at  iow  temperatures 
by  high-energy  radiation  without  the  introduction  of  any  foreign  materials. 


TABLE  46.  EFFECT  OF  GAMMA  RADIATION  FROM  COBALT-60 
ON  THE  MECHANICAL  PROPERTIES  OF  SILICONE 
RUBBER  ( 142 ) 


Tensile 


Hoars 

Mrep 

Dose 

OV£B  g-r(C) 

Hardness  , 
Shore 

Strength, 
p  si 

,  Elongation, 
% 

Compression  Set, 
% 

50 

25 

2.  1  x  109 

53 

916 

158 

13 

10 

5 

4. 2  x  10# 

27 

1 180 

760 

100 

2.  5 

1.  25 

1.  1  x  10# 

18 

135 

550 

100 

TABLE  47.  EFFECT  OF  GAMMA  RADIATION  FROM  COBALT -60  IN 
CROSSLINKING'  ,47> 


MtiUi'  ulni'  Weight  IJotwmni 


l)o mi  _  __  Modulus _  _  Crus  slinks,  Mi;  _  Molus  of 


Mrep 

<;*•«»  g 

1  (O  . 

Initial 

Limiting 

tnitU'l 

1  limiting 

Swelling 

Linku/CC  x 

25 

2.  1  x 

io'J 

121 

1  i  1 

3,300 

3, 300 

2,380 

17.  2 

5 

4 ,  2  x 

toil 

28.  6 

12 

13.850 

32,600 

8,470 

1.  77 

1.  26 

l.lx 

10# 

1.6.  3 

3,  9 

26,600 

102,000 

19,300 

0,  56 

125 


The  properties  of  radiation- cured  silicone  rubber  were  compared  with  a  peroxide- 
cured  compound  by  Ossefort,  Rock  Island  Arsenal  Laboratory  (  ^^).  Table  48  shows  that 
tensile  values  on  some  of  the  irradiated  compounds  exceeded  values  obtained  on  the 
peroxide- cured  control.  Since  both  the  peroxide-  and  irradiation- cured  compounds  have 
such  excellent  low- temperature  properties,  no  conclusions  can  bo  drawn  regarding  these 
except  to  say  that  radiation  curing  does  not  seriously  impair  these  properties.  Oil  re¬ 
sistance  is  greatly  improved  in  thin  compound  upon  irradiation.  Work  is  currently  under 
way  at  the  Arsenal  Laboratory  to  verify  this  improvement  in  oil  resistance. 

Data  for  an  electron- vulcanized  sample  and  a  normal  peroxide- cured  sample  are 
compared  in  Table  49.  -phe  ^.ta  show  that,  in  a  peroxide  cure,  corselinking  pre¬ 

dominates.  On  the  other  hand,  the  radiation- cured  sample  is  free  of  vulcanizing- agent 
fragments  and  shows  no  progressive  cure  when  aged  24  hours  at  250  C.  However,  it 
dot; o  show  some  chain  scission.  Warrick  states  that,  at  high  temperatures,  water  and 
carbon  dioxide  cause  chain  scission  and  therefore  their  effect  must  become  increasingly 
important  to  be  taken  into  consideration, 

Warrick  indicates  that  the  data  for  compression  set  show  that  radiation- cured 
samples  have  improved  properties  at  high  temperature.  Ho  states  that  both  crosslinking 
and  stress  relaxation  contribute  to  what,  amounts  to  a.  "remolding"  at  150  C.  Again,  in 
Table  50,  a  radiation- cured  sample  is  compared  with  a  peroxide- cured  sample  of  the 
same  formulation. 

Most  crosslinking  or  chain  scission  is  eliminated  by  radiation  cure,  llut,  the 
slight  effect  which  does  occur  may  be  the  result  of  changes  In  polymer-filler  interaction. 
Table  51  illustrates  the  fact  that  polymer-filler  interactions  at  high  temperatures  are 
important.  The  sample  contained  50  parts  of  Micronci::  beads.  It  is  possible  that  re¬ 
actions  occurring  at  the  surface  of  the  carbon-black  particles  are  responsible  for  this 
marked  high- temperature  cure.  Inert  fillers  uro  to  bo  desired  for  high- temperature 
uses  of  silicone  rubbers. 

Harrington  at  Gonural  Electric  studied  the  effect  of  filler  lauding  on  radiation 
stability^00).  In  his  tests  ho  used  Union  Carbide  Corporation's  K-  1040  ueriou  and 
Guncral  Electric's  SE- 300  scries.  The  chemical  composition  el'  these  materials  was 
not  known,  hut  it  is  known  Ihul  the  materials  in  each  series  differ  only  in  the  amount  of 
filler  they  contain.  The  lower  the  compound  number,  the  less  filler  and  auflouur  the 
compound  contains.  Table  A-83  lists  Hits  changes  occurring  in  the  two  series  of  mate¬ 
ria)  s  wills  varying  filler  loading  and  varying  post*  eras,  k'igurou  in  the  table  Indicate 
that  thu  ultimate  change  in  all  the  properties  of  those  mutorlalu  is  uuch  that,  given  a 
sufficient  amount  of  radiation  exposure,  each  of  thu  propertlou  will  approach  thu  same 
value.  For  example,  the  actual  values  of  hardness,  tensile  strength,  and  elongation  for 
K-  1046K,  K-  1047R,  and  K-  1048K  are  very  similar  at  an  exposure  of  8.  7  x  10^  ergs  g~  1 
(C)  (lx  11)8  roentgeno)  even  though  flic  original  values  differ  significantly.  Harrington 
comments  that  this  fart  also  holds  true  for  SE- 36  1 ,  SE-371  and  SE-381,  This  work  was 
particularly  significant  because  it  showed  that  materials!  cannot  be  improved  to  any 
great  extent  simply  by  compounding  to  a  softer  material.  This  procedure  would  bo 
advantageous,  however,  in  preparing  compounds  to  be  used  in  applications  requiring 
a  relatively  lO”-  exposure. 

Newell  at  Convair^  ^  has  conducted  screening  tests  on  23  silicone  rubbers,  ir¬ 
radiated  at  three  temperatures  and  four  fluxes,  The  materials  found  to  be:  the  most 
radiation  resistant  are  Silastic  7-170,  SE  38  1,  Silaslics  2048  and  ciU,  and  OK  81641. 


I  2f. 


b 


o 

u 

w 

S5 

o 

u 

a 

w 


U  0, 

p5  a 
St 

ft  s 


CO 

*1 

cq 

<U 

H 


Oh 

— »  o 

x 

<r.« 

*  V 


m 


pr» 


o 


Nl 


1-0  O  vQ  n-J 

m  r*  -V  ro 
*• 


— '  O  '.D  NO  ^  .o  ^ 

m  — « 


a- 

Oh 

«  o 


•  m 
ro 


(4 


N 


o  o 

00  N 
tJ*  h 


m  m 
Or*  GO 


<u  o 
«  « 


O  O  00  ^  vt>  o  o 

O'  ro  in  so  ro  \0 


(T* 

o  r- 
*-«  o 


l—l 

frf 

u 

N 


o  o  r-  o 

M  in  ^  M 
^  •-« 


m  m 
O'  00 
I  I 


*  > 


o  o 
a>  'a! 


«  ffl 


mom  n-  mm 

oo  ro  ^  so  ^  m 


X  o 


00 

CO 


Pi 

rn 

o 

N 


m  in 
O'  co 

(  i 

m  o  m 

«n  co  ^  h  if  *f 

nj  f-4  0  0 

— <  *-♦ 
(U  O 

cq  « 


in  in  i  -  oo  *s*  -h  o 

I-  ^  't  irt  ^  *03 

m  *-* 


o  o 


a  s 
8  8 


u 

ft 


O 

rH 

N 


m  in 

•>  CO 
I  I 

O  o  li)  (M  , 

to  m  m  <  5# 

m  n*J  0  0 

r-H  r-H 

d  O 

m  « 


III  if,  rv) 

III  N  t- 


I 

I 


I 


u 

I 

a 


c 

a/ 

OO 


or  a> 
u  o 
14  c4 


*■1 

o 

Cli 

o 

l« 

04 


U* 

o 

o 

r\J 

H 


Ui  *• 
»M  O 

r-H 

$3 

Sj; 

r'  «i 


ft 


0  ■*-• 
u  <y 

0  w 


b"  rf! 

cn 


tfl 

a.  a 

o 

111  4-1 

X  03 


x  y 

V  ' 

i*  * 

U« 


cj>  r  a 

c  lJ  c 

o  *■•  - 

-5  nJ  0 

W  X  u 


.4 


>« 

X 

o 

h- 

qo 
c  . 

•  *H 

00 

< 

p 

a; 

> 

O 

>« 


u< 


f*  X 


r, 

-  .2 
0  *j 
-1  i-d 

■S  *$ 

%  -2 
H  U1 


a> 

oo 

p 

fd 

_c 
( ) 


i»  .  - 

a 

'•d  ^ 

J  H 

*  U 


DOS/70  Hr/212  F 


i  ri 


TABLE  49.  EFFECT  OF  AGING  PEROXIDE -CURED  AND 
RADIATION-CURED  RUBDERS  (2-MEV 
ELECTRONS)!1 4  l>) 


Cure 

Property 

As  Cured 

Aged  24  Hr  at  250  C 

Radiation 

Tensile,  psi 

876 

672 

Elongation,  % 

580 

486 

Shore 

29 

26 

Peroxide 

Tensile,  psi 

1088 

1045 

Elongation,  % 

587 

309 

„„  _ 

Shore 

41 

55 

TABLE  50.  EFFECT  OF  RADIATION  DOSE  ON  COMPRESSION 

SET  OF  SILICONE  RUBDERS  (2-MEV  ELECTRONS) ( 146> 


Dose 

Mrop  erg*  g-  1  (O) 

Compression  Set,  % 

Peroxide  curt; 

100 

2 

1.7  x  10H 

100 

6 

5.  1  x  10B 

25 

10 

8.  5  x 

26 

20 

1.  7  x  109 

2 

40 

j,  4  x  109 

13 

TABLE  5  1.  EFFECT  OF  AGING  RADIATION-CURED  ,  CARBON 
BLACK- FILLED  SILICONE  RUBBERS  (2-MEV 
ELECTRONS)  H46) 


As  Cured 

Aged  24  Hr 

Tensile;,  psi 

7H7 

542 

Elongation.  % 

415 

1)5 

Shore 

14 

75 

Compression  Set. 

95 

128 


Results  are  given  in  Table  52.  'I”  ;re  was  a  definite  correlation  between  filler  content 

and  damage,  the  per  cent  damage  varying  inversely  with  per  cent  filler. 

Another  possible  method  for  improving  the  radiation  resistance  of  silicones  is  by 
the  incorporation  of  antirads.  Warrick(*4®)  states  that  silicone  elastomers  show  as 
much  resistance  to  radiation  as  does  natural  rubber  containing  no  antirads.  The  obvious 
step  of  improving  standard  formulations  of  silicone  rubbers  by  using  antirads  is  not  pos¬ 
sible,  however,  because  peroxides  and  benzoyl  and  its  derivatives,  do  not  vulcanize 
dimethyl  polysiloxanes  in  the  presence  of  many  antirads. 

Two  curing  systems  permitting  the  use  of  antirads  have  been  used  by  Dow  Corning 
Corporation,  One  of  these  is  a  sulfur  cure  similar  to  that  used  with  natural  rubber. 

The  other  and  more  practical  curing  system  is  baned  on  dimethyl  polysiloxanes  con¬ 
taining  less  than  0.  5  mole  per  coni  methylvinyl  siloxane  units  curod  with  di-t-butyl 
peroxide.  Antirads  may  be  incorporated  into  this  system  by  slightly  raising  the  amount 
of  peroxide  curing  agent.  Recently,  they  have  developed  new  polysiloxane  polymers  and 
special  formulations  which  are  25  times  more  radiation  resistant  at  high  temperatures 
than  polydimethyl  siloxane  systems!***).  New  fillers  indicate  increased  radiation  re¬ 
sistance  of  200  per  cent  in  the  200  C  evaluations,  and  the  use  of  antirrcl  additives  gives 
200  to  400  per  cent  more  radiation  resistance.  Maximum  limits  cl  radiation  ren'stanco 
in  this  new  family  of  polymers  are  now  being  studied. 

Fluorosilicono  elastomers,  such  as  Silastic  LS-53,  on  irrndiation  liberate  a 
corrosive  gas  (HF)  which  causes  corrosion  of  metals. 

It  was  found  by  FainntanO^)  that  the  only  reliable  seal  material  in  a  radiation  en¬ 
vironment  of  3  x  ion  ergs  g"  *  (C)  in  contact  with  oil  at  450  F  wan  a  silicone  gaukot, 

The  commercitlly  available  gasket  used  was  Silastic  50-24-480.  It  retained  itn  physical 
properties  to  10V  ergs  g-  *  (C)  nt  room  temperature.  It  wan  utilized  in  a  WADC  deposi¬ 
tion  tester  for  u  total  of  40  to  50  hours,  where  it  was  exposed  to  temperatures  of  450  F 
and  oxpusuro  doses  of  l,  2  x  lO'-1  ergs  g‘  1  (C). 

The  dielectric  properties  of  silli  ones  urn  little  affected  unless  absorbed  doses 
exceed  2  x  10  ^  to  5  x  10  ergs  g  *.  (*9) 

Because  of  the  many  desirable  proportion,  particularly  luinL  and  radiation  resist- 
unco,  silicone  rubber  Is  being  specified  for  control  and  power  cables  used  with  atomic 
equipment. 


Cyano  silicone  Elastomers 

The  cyanosilicone  elastomers  are  a  new  family  of  coupounds  formed  by  copoly¬ 
merizing  gamma- cyanopropylmetliyl  siloxane  with  dimethyl  fiil ox. me  and  a  small  but 
significant  amount  of  vinylmethyl  siloxane.  (*49)  phe  addition  of  the  vinyl  groups  gave 
physical  properties  similar  to  those  of  dimethyl  silicone  gmristocks.  The  presence  of 
the  cyunopropyl  group  improved  the  resistance  of  these  elastomers  to  low  temperatures 
and  ihc  effects  of  radiation  and  lowered  the  oxygen  permeability.  The  radiation  re¬ 
sistance  of  the  cyano  silicone  elastomers,  as  compared  with  that  of  dimethyl  silicone,  is 
shown  in  Table  53. 


129 


TABLE  52.  RADIATION  RESISTANCE  OF  SOME  SILICONE  COMPOSITIONS*140) 


Material 

Class 

Manufacturer 

Elongation 

Damage  at  1010  Ergs  G"1  (C), 
per  cent  chattuei 

Tensile  Teer 

Hardness 

Silastic  7-I7R 

Low  compression  stock 

Dimethyl 
•14/480  post  cute 

Rum,  62,5% 

Silica,  48.0% 

Dow  Coming 

-45 

+38  -20 

+38 

SE-381 

Low  compression 

Methyl  vinyl 

24/480  post  cure 

SE  33  gum,  43% 

Silica,  57% 

General  Electric 

-20 

0  *43 

+14 

Silastic  2048 

General  purpose 

Dimethyl  and  phenyl  methyl 
24/480  post  cute 

Gum,  83,  6% 

SlUca,  33.8% 

Dow  Coming 

-70 

447  -40 

+28 

Silastic  yu 

Dimethyl 

24/480  post  cure 

401  Gmn,  00. 1% 

Silica,  32. 1% 

Dow  Cooling 

-70 

-4  -78 

+12 

1)1841 
(SE  4H2) 

Low  comp  isms  lun 

Methyl  vinyl 

24/480  post  Cure 

SE  03  gum,  58% 

Silica,  41% 

General  Electric 

-HO 

•0  -410 

+  15 

Y-1D31 

Low  toulputanue  methyl 
phenyl,  10%  phenyl 

24/4B0  posi  elite 

Gum,  08% 

Silh  s,  81% 

-30<»> 

0(«)  -18<»> 

4-17**) 

LS  fill 

FlUorlnated  silicone 

24/300  post  cure 

Gum,  70.  9% 

Silica,  22.3% 

-70 

-00  -70<’,J) 

+3&(c) 

(a)  Eradiated  only  to  5  X  10*1  ergs  g'1  (C), 

(b)  Estimated, 

(c)  softens  and  then  hardens. 
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TABLE  53,  RADIATION  RESISTANCE  OF  C YANOSI.LICONE  ELASTOMERS 


Change  in  Physical  Properties  During  Exposure  to 

1  x  109  Ergs  G'  1 

Cyanopropyl 

Dimethyl 

Silicone 

Silicone 

Buromater  Change,  units 

0 

+  30 

Tensile  Change,  % 

-15 

-JJ 

Elongation  Change,  % 

-24 

-85 

Fluorocarbon  Rubbers 

The  fluorocarbon  rubbers,  in  general,  do  not  have  tho  radiation  stability  desired 
for  nuclear  applications.  However,  because  of  their  chemical  and  heat  resistance, 
effortu  are  being  made  to  either  improve  their  radiation  resistance  or  to  determine  how 
they  might  be  used.  A  summary  report  on  fluorocarbons  was  published  by  t’.o  RE1C 
during  1959.  < 

Vitun  A,  a  copolymer  of  hexafluoropropy.'.one  and  vinylidene  fluorido,  has  become 
one  of  the  most  important  elastomers  for  applications  requiring  resistance  to  diester 
fluids  anu  to  high  temporaturos.  Hurringtonf •  ,  studying  the  effect  of  filler  on  tikis 

material,  incorporated  20,  40,  and  60  parts  of  carbon  black  into  Viton  A  compounds,  but 
found  no  improvement  In  radiation  stability.  Original  tensile- strength  values  varied  with 
the  amount  of  carbon  black.  After  an  exposure  dose  of  B.  7  x  10^  ergs  g"  1  (C),  the  final 
tensile  strength  values  correlated  more  witli  the  original  valuus  than  with  differences  in 
radiation  stability,  Data  are  given  in  Tables  A- 04  and  A- 85. 

The  effect  of  five  antirad*  with  Viton  A  wus  examined.  The  antirads  used  wore 

Akroflex  C  (3ft  per  cent  N-N‘- diphenyl- p-phonylene  diamine  plus  (>5  per  cent  phenyl- 
alpha -napiithylaiuinc),  naphthyUminu,  naphthol,  FLX  (N-phen/l-N'-o- lolylothylone 
diamine),  and  anthruquinono.  No  improvement  In  radiation  stability  was  noted. 

Radiation- induced  compression  eel  was  determined  for  room  temperature  in  air 
and  in  alkyl  diphenyl  other  (C  14-Cif,)-  Little  diflorenco  was  observed  due  to  (he 

typo  of  environment.  The  average  compression  sot  was  9ft  to  99  pur  cent. 

The  effects  of  tornpernture  and  radiation  were  investigated  at  Convair.  U?)  Viton  A 
was  irradiated  to  a  total  exposure  dose  of  1.74  x  10^  ergs  g~  *  (C)  at  0,  73,  and  350  F. 

An  appreciable  decrease  in  tensile  strength  occurred  when  the  specimens  were  irradi¬ 
ated  and  tosted  at  350  F.  This  decrease  did  not  occur  when  the  specimens  were  irradi¬ 
ated  and  tested  at  0  and  73  l1'.  This  is  in  agi  cement  with  work  done  at  General 
Electric^*1’  U  which  showed  that  Viton  A  pus  so  used  very  poor  stability  svhen  irradiated  in 
air  at  temperatures  higher  than  about  250  F.  At  3ft0  F,  the  elongations  of  the  irradiated 
and  control  specimens  were  approximately  the  same.  At  0  and  73  F,  there  was  n  de¬ 
crease  in  the  elongation  of  the  irradiated  specimens.  This  decrease  w.ui  more  definite 
at  7  3  F  than  at  0  F. 


Viton  A  doe 8  mol  degrade  as  rapidly  whet:  immersed  in  argon  or  jet  turbine  oil  at 
100  F  as  when  irradiated  in  air.  DJti)  Table  54  shows  the  change  in  tensile  strength, 
elongation,  and  hardness  for  Viton  A  irradiated  in  .air,  argon,  and  a  jet  turbine  oil. 

No  reason  for  this  retardation  has  been  advanced  at  the  present  time.  It  would  appear, 
however,  that  Viton  A  might  be  used  for  seals  or  gaskets  in  a  radiation  environment 
when  immersed  in  oil. 
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A  modification  of  Viton  A,  known  us  Viton  B  or  LD-234,  has  boon  found  to  havo 
improved  resistance  to  red  fuming  nitric  acid  and  to  radiation,  D84)  Viton  A,  Viton  A- 
HV ,  and  Viton  B  (LD-234)  were  irradiated  in  bi«-phanexy- phenyl- ether  at  400  F  to  an  ex¬ 
posure  dose  of  10^0  ergs  g"  i  (C).  Viton  0  was  about  twice  as  radiation  resistant  as  the 
other  two  types.  Tensile  strength  decreased  only  from  approximately  2600  to  2400  psi 
while  elongation  decreased  by  approximately  50  per  cunt.  Two  Viton  B  sealant  formu¬ 
lations!  *55)  were  exposed  to  lO^  ergs  g“  1  (C).  Those  showed  an  increase  in  tensile 
strength,  but  elongation  decreased  considerably.  Data  are  given  In  tho  section  on 
sealants.  O-ringa  havo  boon  Incorporated  ns  components  in  hydraulic  systems,  but  irra¬ 
diation  data  are  not  yet  available. 


Kol-F  shows  the  poorest  stability  to  radiation.  It  readies  threshold  damage  ftt 
less  than  3  x  108  ergs  g“  1  (C)  and  is  damaged  by  25  per  cent  at  approximately 
6  x  108  ergs  g“  1  (C).  It  becomes  soft  and  tacky  at  the  above  douus(100)  However,  It 
hau  been  noted  that  Kel-F  elastomer  is  stable  in  silicate  «sto;r  fluids  at  room  tempera¬ 


ture  to  1  x  10  lu  ergs  g"  1  (C).  This  suggests  that  stability  depends  on  operation  media, 
and  stability  In  air  cannot  be  regarded  us  un  indication  of  its  capability  under  actual 
ope  ration. 


Information  by  Wall,  ot  al.  ,  (  shows  that  Kol-F  Elastomer  3700  crosslinks 

rapidly  at  exposure  doses  below  1  x  iC^  ergs  g“  1  (C);  at  1 ,  4  x  10“  ergs  , '  (C)  degrada¬ 
tion  begins  to  dominate. 


Table  55  shows  data  for  a  variety  of  Viton  A  and  Kel-F  5500  Elastomers.  (114) 

Results  for  a  iluorobutyi  acrylate  elu  etomiir'®  are  shown  in  Table  56.  For  this 
elastomer,  the  tensile  atrongth  increases  by  about  40  per  cent,  hardness  increases  by 
about  20  per  cent,  and  elongation  decreases  by  greater  than  70  per  cent  at  an  absorbed 
dose  of  i .  1  x  1 0  ergs  g"  * , 


Viton  A  and  Poly  FBA  (1F4)  appeal1  to  be  about  equal  in  their  renistau  e  to  radia¬ 
tion  and  are  similar  in  this  respect  to  many  of  the  silicone  rubbers.  H00'  •  ( 
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TABI.fi  55.  BPPECT  OP  RADIATION  ON  PHYSICAL  PROPERTIES  OP  VITON  A  AND 
KEL-P  ELASTOMERS*114) 


^  Dose  _  Initial  Properties  and  Pet  Cent  Change 

ergs  roentgen  Hardness,  Elongation,  Tensile  Strength, 

Mateilals  g"J  (C)  x  10'e  Shore  A  AJ/.'  °h  A  %  Psi  A  $  Remarks 


Vilen  A -7 

0 

0 

88 

260 

2270 

Cray-  Brown 

8.7 

X 

IQ9 

100 

12,5 

-94.  0 

6.8 

(») 

Vlton  A- 8 

0 

0 

79 

180 

2295 

Tan 

8.7 

X 

109 

100 

22.8 

-88.9 

• 

r 

o 

<*) 

Vitun  A-9 

0 

0 

78 

188 

1810 

Tan 

8.7 

X 

109 

100 

24.4 

-84.7 

46*  3 

<*) 

Vlton  A- 10 

0 

0 

77 

140 

1766 

Brown 

R.7 

X 

109 

too 

23.4 

-85.7 

12.4 

<*> 

Vitori  A- 1 1 

0 

0 

70 

128 

2085 

Dark  gray 

H.7 

X 

10° 

100 

24. 1 

-80,3 

27.9 

(•) 

Pr  i7io>xey 

0 

V 

74 

180 

1528 

Black 

8,7 

X 

I09 

100 

y.M,  n 

-88,  ! 

18.5 

(a.b> 

Kel-I'  0800 

0 

0 

02 

SBO 

1810 

Gray 

8.7 

X 

10 1 

) 

0.0 

0. 1 

44.2 

4.4 

X 

io" 

n 

0.0 

-8.2 

19.6 

1.0 

X 

Id1' 

22 

3.2 

-41.8 

-2ft,  8 

<h) 

4.8 

X 

IO9 

lit) 

ill.  1 

-73.  0 

-24,0 

(0) 

8.7 

X 

IO9 

100 

28.8 

-  HO,  0 

•13.0 

(6) 

(a)  fitnke  when  hem  180  degrees, 
(h)  slightly  loclty. 

(i:)  (jinny  till  surface,  quite  laeky. 


I AULE  BO,  El'PECT  OP  RADIATION  ON  PIIYMCAI.  AND  IIIJICTUICAL  PKOPEMTlii!.  OP 
IIUOHUUUTYL  ACRYLATE  KUUUEK<9(,> 


Dose 


Thermal  uclilrtilli  t(nv..)l  I 

None 

(1,2.1  x  10 IH 

0.4b  x  IO19 

1.73  X  10>« 

5,  1  X  1()UI 

Ergi  t;"1 

Done 

0.50  x  10 10 

1.  1  x  I019 

4.3  X  10 19 

1.3  x  t()lu 

Density,  g/eni'1 

l .  (1307 

1, 641.0 

1. 0410 

I.  0407 

JL  07 1 1 

Weight  Lttss,  %  uf  linnat 

- 

u.  16 

0. 73 

2,  2 

4.4 

Volume  Resistivity,  nlini-rni 

1  x  10 10 

5  x  10  1 

1  x  Hi4 

800 

50 

Tensile  Strength,  psi 

107(1  i  75 

840  i  7b 

000  t  40 

800  r  75 

700  i  160 

Elmig, limn,  "/'  at  break 

127 

40 

22 

9 

0 

Dlelertrli:  strength,  v.  mil 

KU 

U 

(l 

0 

0 

HnrtJncss,  Shore  A 

j  1 

H4 

86 

96 

!00 

reached  threshold  damage  at  approximately  5  x  10®  ergs  £'  *  (C)  and  25  per  cunt  damage 
at  lO^  ergs  g"  '  (C).  Viton  A  reached  threshold  damage  at  5x10®  ergs  g"  *  (C)  and 
25  per  cent  damage  at  6  x  10^  ergs  g~  *  (C).  Harrington  states  that,  for  dynamic  appli¬ 
cations,  these  materials  should  not  be  ex-on-o  to  doses  of  greater  than  lx  10  ^  ergs 
g“  *  (C),  but  they  probably  could  be  exposed  to  higher  doses  for  static  applications. 

None  uf  tiie  fluoroelastomers  gave  evidence  of  radiation- induced  stress 
c  racking,  ( i  00) 

Two  fluorinated  pulyestcr  elastomers,  HA-  1  and  HA- 2,  manufactured  by  Hooker 
Chemical  Company  have  been  recommended  as  temperature-  and  chemical- resistant 
materials.  HA- 1  is  based  on  an  adipate  polyester  and  HA-2  is  based  on  an  adipate- 
iaophthalate  polyester.  Doth  elastomers,  containing  50  parts  of  carbon  black,  were 
irr.  dinted  to  an  exposure  dose  of  4,  3  x  10*0  ergs  g“  *  (C).  Changes  in  stress- strain 
proportion  are  given  in  Table  A-841^?).  Recipes  aro  shown  in  Table  A-85. 

It  can  be  seen  that  hardness  increased  while  both  elongation  and  tensile  strength 
decreased  as  the  radiation  dose  was  increased.  Tensile  strength  of  the  HA- 2  material 
decreased  loss  than  that  of  the  HA-  1  material.  However,  on  the  basis  of  flexibility  after 
the  4.  3  x  10  10  ergs  g"  *  (G)  exposure,  the  HA-  l  ma  erial  appeared  to  be  in  slightly 
better  condition.  Harrington  found  these  materials  to  be  superior  to  the  other  fluorine- 
containing  elastomer «  he  oxaminod. 


Kthylono-Propylone  Rubber 

One  of  the  more  recent  rubbers  which  is  being  produced  on  a  semicommercial 
basis  in  Europe  is  the  ethylene-propylene  copolymer  marketed  by  Moutecutlni  in  Italy. 
Carbon-black  (50  parts)-  reinforced  vulcanistatos  have  tensile  strengths  of  3,  500  to 
4,000  psi,  elongations  of  450  to  500  per  coni,  Hud  high  moduli,  1,  200  to  1,  700  pul.  It 
Is  a  utiUn  ;uud  rubber  and,  similar  to  IJypalon  (clilorosulfonotud  polyethylene),  has  excel¬ 
lent  ouldoor-uging,  mmllgh?,  nr. arm,  heat,  acid,  utkd,  alkali  reiilmtaiu  o.  It  has  poor  flame 
resistance  and,  although  resistance  to  hydraulic  fluids,  it  hus  pour  resistance  to  aliphatic 
and  aromatic  hydrocarbons  and  to  chlorosolventn.  There  are  no  dutu  lit  the  REIC  files  on 
like  radiation  resistance  of  commercial  materials,  but,  on  the  busts  of  the  work  of  Grace 
and  co- workers 0^),  it  is  not  expected  thut  ethylene- propylene  rubber  would  have  good 
radiation  resistance.  Grace  prepared  experimental  ethylene- propylono  polymers  and 
found  they  softened  with  irradiation,  as  does  polypropylene.  L, oases  in  tensile  strength 
and  elongation  were  suvurc,'  The  per  cent  set  after  in". illation  wao  also  rulnt’vuly  high. 


Holy  sulfide  Rubber  (Thinkoi) 

Thiokol  elastomers  have  exceptionally  goud  resistance  to  many  types  of  solvents. 
The  service  temperature  range  is  -65  to  300  F,  dependiikg  on  the  eompounding,  cure, 
and  use.  Only  Thiokol  ST  and  FA  have  been  examined  for  radiation  resistance,  Thiokol. 
ST  is  among  the  poorest  of  the  elastomers  with  respect  to  rad*  tion  resistance,  ( 1  A 
dose  of  t0R  ergs  g"  *  (C-)  or  slightly  higher  is  sufficient  to  damage  this  material  seriously, 
Thiokol  ST  eventually  becomes  fluid,  as  does  butyl  rubber.  However,  to  soften  Thiokol 
requires  20  times  the  exposure  needed  to  soften  butyl  rubber.  ("'’*■')  Although  radiation 
causes  the  tensile  strong*))  to  increase  initially,  long  exposure  causes  the  strength  to  be 
dec  reused. 

Although  tensile  strength  decreases,  it  retains  its  elongation  to  a  greater  extent 
than  most  elastomers,  After  an  exposure  dose  of  1.  5  x  10*^  ergs  g“  *  (C),  Thiokol 


ST  decreased  in  elongation  from  an  original  value  of  210  per  cent  to  100  per  coni. 
Thiokol  FA  dropped  from  6  20  per  cent  elongation  to  200  per  cent  at  the  same  duae. 

These  final  values  were  better  than  were  observed  for  nitrile  (Ilycar  1 00  A) ,  Neoprene 
GN,  polyacrylic  rubber  (ily ca r  FA-21),  and  Butyl  rubber.  SliR  rubber  retained  only  a 
slightly  greater  elongation  (1J0  per  cent)  than  Thiokol  ST  at  1.  31  x  10^®  ergs  g~  *  (C), 
but  less  than  Thiokol  FA.  With  antirads  such  ;.s  alpha  riaphthylamine  of  FLX  (N- phenyl - 
N'-o-tolylethylene  diamine)  for  Thiokol  ST  or  beta  naphthol  for  Thiokol  FT,  ultimate 
elongation  after  1,  31  x  10^  ergs  g"  *  {C)  exposure  dose  is  in  tire  range  of  260  to  280  per 
cent.  Thus  for  applications  where  flexibility  is  required  without  any  great  streuth, 
Thiokol  materials  can  be  used.  Stress- strain  properties  of  Thiokol  ST  and  Thiokol  FA 
are  given  in  Table  57. 

Hardness  does  not  change  "ignificantly  up  to  2.  6  x  10^  ergs  g"  *  (C).  At 
4.4  xi£)10  ergo  g~  *  (C),  a  Thiokol  material  became  so  badly  damaged  that  hardness 
couLd  not  bo  measured.  At  this  exposure  dose,  both  elongation  and  tensile  strength 

were  reduced  to  *,*ro.  The  trend  suggests  that  the  material  undergoes  chain  cleavage. 
No  stross  cracking  wan  observed  at  any  of  the  exposures. 


TABLE  57.  EFFECT  OF  RADIATION  ON  THE  PHYSICAL  PROPERTIES 

r, r?  curnifri  t  n  tto  o ir>n  (5  I ) 


OF 

THIOKOL  RUBBER*51* 

Dose,  109  < 

1I&SJL' 1 

Rubber  Antlruu 

Physical  Properties 

0 

4.4 

8.  7 

13.  1 

Thiokol  ST  None 

Tensile  Strength,  pni 

990 

790 

6H0 

590 

Ultimate  Elongatio/i,  per  cent 

210 

130 

110 

100 

100  Per  Cent  Modulus,  psi 

410 

550 

530 

520 

Shore  A  Durometor  Hardness 

71 

72 

72 

69 

FLX 

Tensile  Strength,  poi 

1080 

Y2U 

350 

510 

Ultimate  Elongation,  per  cent 

320 

31U 

300 

280 

100  Pur  Cent  Moduius,  psi 

2B0 

190 

120 

120 

Shore  A  Durometor  Hardness 

6  5 

57 

50 

52 

Thiokol  FA  None 

Tensile  Strength,  pni 

990 

990 

730 

bid 

Ultimate  Elongation,  pur  cunt 

620 

420 

230 

200 

100  Pur  Cent  Modulus,  psi 

190 

260 

240 

2  50 

Shore  A  Duromotur  Hardness 

60 

65 

64 

61 

Beta- 

Tensile  Strength,  psi 

580 

410 

120 

1  50 

naptha! 

Ultimate  Elongation,  por  cent 

430 

360 

240 

260 

100  Per  Cent  Modulus,  poi 

too 

90 

1  20 

150 

Shore  A  Durometor  Hardness 

48 

45 

40 

38 

Compression  sot 

is  greatly  increased  with  Thiokol 

iB  compressed  during  in- 

adia- 

Con.  Thiokol  ST  has  a 

compression- set  value  of  107.  6  after  an 

exposure. 

dost;  of 

5.  23  x  109  ergs  g“  l  (C) 

,  while  a  dose  of  1.  2  x  10®  ergs  g 

'  1  (C)  i 

lb  require 

d  for  a  5 

0  pe  r 

cent  compression  set. 

Thioko.  rubbers  are  used  expensively  as  sealants. 

Tc-sts  ; 

results  fo 

r  Thiokol 

sealants  were  discussed  in  the  section  on  effects  of  radiation  on 

c  omponiMits. 
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Butyl  Rubber 


Butyl  rubber,  a  copolymer  of  isobutylene  and  isoprene  (0.  5  to  4.  5  per  cent),  has 
good  oxidation  resistance  and  low  permeability  to  air  and  many  other  gases.  However, 
it  has  probably  the  least  radiation  stability  of  any  of  the  common  synthetic  rubbers. 

This  is  due  primarily  to  the  fact  that  Butyl  rubber  undergoes  very  rapid  chain  cleavage 
when  irradiated.  It  contains  a  quaternary  carbon  which  has  been  shown  to  have  poor 
radiation  stability. 

Butyl  and  ita  modifications,  such  as  brominated  butyl,  are  affected  similarly  with 
radiation.  Tensile  strength  and  hardness  of  these  polymers  decrease  with  increasing 
radiation  exposures.  Twenty-five  per  cent  damage  i6  reached  for  hardness  at  an  ab¬ 
sorbed  dokte  of  approximately  5  x  10C|)  ergs  g"*,  and  for  tensile  strength  and  elongation  at 
about  10^  ergs  g-1.  At  exposure  doses  above  5  x  10^  ergs  g"  1  (C),  Butyl  rubbers  be¬ 
come  s  ‘t,  finally  becoming  similar  to  a  grease  in  consistency. 

There  is  no  evidence  of  stress  cracking.  (&9,  114)  |n  general,  Butyl  rubbers  appear 
suitable  for  use  in  radiation  fields  only  for  applications  which  Involve  relatively  low 
radiation- exposure  doses. 


EFFECT  OF  RADIATION  ON  SPECIFIC  PHYSICAL 
FROPFR  TIES  OF  ELASTOMERS 


This  suction  compares  the  radiation  resistance  of  the  various  elastomers  accord¬ 
ing  to  physicul  properties,  The  data  are  presented  in  Figures  C- 1  to  C-b  in  Appendix.  C. 


'J'cnsl In  Strength 


Styrene- butadiene  (GR-b),  natural,  and  nitrile  rubbers  arc  the  bout  elastomers  lor 
retention  of  tensile  strength  on  irradiation.  Tensile  strength  of  these  rubbers  changes 
by  25  per  cent  only  after  dosages  of  10 1U  to  10  1  *  orgs  g"  1  (C),  13opp  and  Hlsman  found 
.SBK  (OR-S)  to  ho  the  superior  rubber. 

Polya crylio,  neoprene,  and  Thiokol  rubbers  have  approximately  frqual  radiation 
stability.  Those  throe  rubbers  are  damaged  by  25  per  cent  at  approximately 
7  x  1»9  ergs  g“  1  (C). 

Most  silicone  rubbers  are  affected  by  radiation  at  about  10&  ergs  g~  *  (C) ;  however, 
for  some  silicones  the  tensile  strength  does  not  change  by  25  per  cent  up  to  approxi¬ 
mately  5  x  109  ergs  g~  *  (C). 

Butyl  rubber  is  the  poorest  of  the  commonly  used  elastomers  with  respect  to 
retention  of  tensile  strength.  It  is  damaged  by  25  per  cent  at.  2.  3  x  10^  urgu  g'  1  (C). 

Tnc  tensile  strength  values  at  25  and  50  per  cent  damage  for  compounded  rubbers 
prepared  b%  The  .13.  F.  Goodrich  Companyf*  32)  ,, nc|  tested  after  irradiation  appear  to  Iju 
lower  than  those  reported  by  13opp  and  Sismau  for  the  .same  types  of  rubbers. 


1  <6 

However,  the  Goodrich  recipes  worn  different  from  those  of  Bopp  and  Sisman.  The  rub¬ 
bers  used  for  the  Bopp  and  Sisman  studios  contained  from  40  to  75  parts  hv  weight  of 
carbon  black,  while  those  used  for  the  Goodrich  studies  contained  £0  to  50  parts  by 
weight  of  carbon  black.  Also  a  cobalt-60  source  was  used  by  Goodrich  instead  of  a  re¬ 
actor  as  was  used  by  Bopp  and  Sisman.  The  relative  order  oi  stability  with  respect  to 
tensile  strength  was  found  to  be  different  for  the  elastomers  by  the  two  studies,  although 
natural  rubber  and  SBR  (GR-S)  were  the  beet  in  both  tests.  Nitrile  rubber  appeared  to 
have  better  radiation  resistance  in  the  Bopp  and  Sisman  studies  than  in  the  Goodrich 
studies. 

The  Goodrich  studies  were  not  extended  over  as  wide  a  range  of  radiation  doses  as 
the  Bopp  and  Sisman  and,  as  result,  threshold  doses  could  not  be  determined.  The 
doses  which  gave  25  per  cent  and  50  per  cent  damage  are  shown  in  Figure  C-2  in 
Appendix  C. 


Elongation 


In  general,  elongation  of  elastomers  is  the  property  moot  roadlly  affected  by  ra¬ 
diation.  Natural  rubber  show's  the  groat.oot  stability  with  respect  to  elongation.  This 
property  i«  unaffected  by  radiation  up  to  a  dose  of  7.  0  x  10**  ergs  g“  1  (C),  and  is  dam¬ 
aged  by  25  per  cent  at  ft  done  of  *’>  x.  10^  ergs  g"  *  (C).  iStyrone-butaUlou**  rubber  (UK-S) 
is  not  so  resistant  to  radiation  as  natural  rubber,  but  is  affected  by  doses  of  2x  10**  ergs 
g“  *  (C)  and  is  damaged  by  2b  per  cent  at  1.  i  x  101*  ergs  g"  *  (C),  Butyl  rubber  showed 
unusually  good  stability  with  respect  to  elongation.  This  would  not  bo  expected  since  it 
is  generally  regarded  as  having  poor  radiation  stability.  0  1*1)  Polysulfide  rubber  is  the 
elastomer  showing  the  poorest  stability  to  radiation. 

Klontfatien  was  (iulermiuud  by  Goodrich^  *  for  compounded  rubburu  after  test 
specimens  were  riuultaUid.  The  values  obtained  were  in  fairly  good  agroeiuuut  with  Hie 
results  reported  by  Bopp  end  Sisman,  These  values  arc  given  in  Figures  C- i  and  C-4 
in  Appundix  C. 


Compression  Se t 


Recovery  alter  25  per  com  compression  is  po  ror  for  irradiated  rubbers  Ilian  for 
ur, irradiated  materials;  Butyl  and  Thiukol  show  the  least  recovery,  though  all  the  elas¬ 
tomers  are  affected.  Thiokol  and  litdyl  soften  when  irradiated,  and  consequently  ltunr 
most  of  their  elastic  properties.  Natural  rubber  and  l-iycar  I'A  show  the  least  change  m 
compression  set.  Although  llie  compression  set  of  silicone  rubber  deteriorates  initially, 
it  improves  over  longer  irradiation  periods.  01^)  Data  for  compression  net  are  given  in 
Figure  0-5  in  Appendix  C. 

In  a  second  test  for  determining  the  compression  set  of  elastomers,  the  speci¬ 
mens  were  stressed  during  irradiation,  1^6)  The  lest  was  made  under  constant  did  led  ion 
rather  than  under  i  jnytant  load.  The  results  are  given  in  Table  58.  It  will  be  noted 
that  1 1  yea  r  OR- lb  (1001/  is  equal  to  natural  rubber  in  this  lent,  although  all  the  elasto¬ 
mers  had  deteriorated  considerably  after  exposure  to  6.4  x  lO'*  ergs  g~  *  (C)  in  the  OUNl, 
g  i  n  ph  ite  r  ea  i  to  r . 
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TABLE  58.  RECOVERY  OF  ELASTOMERS  COMPRESSED  lb  PER  CENT  DURING 
IRRADIATION  (COMPRESSION -SET  TEST  B)(7 


Elastomer 

....  -  - 

Recovery, 

per  cent 

In  Jig  190  hr 

In  J 

ig  840  hr 

Unirradiated 

Irrariiated(a)  to 
1.4  x  1 0^ 

Ergs  G -1  (C)<h) 

Uni r radiated 

Irradiatod(c)  to 
6.  4  x  109 
Ergs  G_1  (C)<b> 

Natural  rubber 

93 

52 

90 

25 

GR-S  50 

90 

53 

88 

22 

Butyl  rubber 

GR-I 

91 

23 

88 

Tarry  fluid 

Neoprene  W 

20 

42 

12 

Hyear  OR-15 

92 

62 

90 

24 

Hycar  PA-21 

92 

58 

91 

14 

Silastic  7-170 

97 

27 

95 

0 

Thioko)  ST 

90 

2 

82 

0 

<  a)  7.  i»  ur  in 
(h)  (.■tli'uloled. 

(r)  'to  hr  in  rase  lor. 


Strain  at  400-  Pal  Load 


Streuu- utruln  curved  were  recorded  by  Bopp  and  Sluman^7^  for  the  various  elastu- 
mui'U  before  and  after  Irradiation.  From  theue  data,  the  elongation  at  400  pal  wna 
determined  fur  tho  unirrudiuted  muter. al  and  for  the  maturlul  after  11:  had  been  subjected 
to  varioua  radiation  doueu.  A  Baldwin  Southwark  Universal  touting  machine  wan  utied 
with  a  Baldwin  extonaumeter  and  Scott  grips.  For  eluutomuru  which  would  stretch  ut 
leant  3  per  cunt,  tho  upend  of  touting  was  10  im.liou  pur  minute.  For  material*  em¬ 
brittled  by  irradiation  no  that  elongation  wau  luuu  than  3  per  cent,  thti  upend  of  touting 
waa  reduced  in  order  to  prevent  failure  by  impact  at  tho  uturt  of  utruuuing.  Thiu  upend 
value  wan  not  given, 

‘The  data  indicating  the  effect  of  radiation  on  the  utiffneuu  of  elastomers  show 
natural  rubber  to  have  the  greateut  resistance  to  radiation  with  respect  to  utrain  at  400- 
psi  load.  Thiu  property  hau  docreaued  by  7,5  per  cent  at  a  douage  of  about  9  x  109  ergs 
H~  1  (C).  Thkikol  ruobcr,  which  uoftenu  upon  irradiation,  alao  retainu  better  than  75  per 
cent  of  itu  original  value  to  about  U,  b  x  IQ9  ergs  g"  1  (C),  but  the  elongation  increases  no 
rapidly  that  it  changes  50  per  cent  by  the  time  the  dose  has  increauud  tu  1 0  1 D  ergo  g"  * 
(C).  There  is  not  much  difference  among  the  other  ela atom c r a .  Silicone  rubber  and 
GR-S  are  probably  the  poorest  materials  v/ith  respect  to  their  resistance  to  radiation  as 
it  affects  strain  at  400-p«i  stress. 
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Set  at  Break 


Neoprene  W,  natural  rubber,  and  SB R  (GR-S)  show  the  best  resistance  to  ratlin 
tion  with  respect  to  set  at  break,  in  the  order  given.  There  is  not  a  great  deal  of  dif¬ 
ference  in  the  radiation  stability  in  regard  to  set  at  break  among  the  various  rubber 
materials. 


Hardness 


The  most  rapid  changorc  :.n  hardness  upon  irradiation  are  observed  in  Hycar  OR- 
15,  Butyl,  neoprene,  and  Silastic  rubbers,  Thiokol  changes  at  a  slow  rate,  probably  ati 
a  result  of  a  balancing  effect  of  cros slinking  and  cleavage,  0121)  SBR  (GR-S)  also 
changes  slowly  in  hardness  when  irradiated.  Although  neoprene  changes  rapidly,  it  lei 
not  affected  by  radiation  until  it  has  received  a  dose  of  aboui  4  x  10^  ergs  g"  ^  (C),  which 
is  better  than  the  other  elastomers.  According  to  the  tamo  data,  Butyl  rubber  is  not 
affected  until  exposed  to  a  dosage  of  2  x  10^  ergs  g“  1  (C).  This  rubber,  once  it  begins 
to  soften,  does  so  rapidly. 


Dynamic  i'n mis 


There  has  been  u  lack  of  dynamic  testing  of  elastomers.  Such  tests  are  extremely 
important  for  determining  the  proper  materials  for  various  applications  in  u  radiation 
environment  uud  more  Information  on  the  effect  of  radiation  under  dynamic  cuudiUons  is 
needed.  The  U,  F.  Goodrich  Company  has  made  some  dynamic  tests  on  rubber  mate¬ 
rials,  Four  of  these  tests  have  buuu  completed  and  are  reported  in  the  literature, 

These  include  (1)  Yor/Ioy  resilience,  which  is  closely  related  to  hysteresis,  (2)  abra¬ 
sion  loss,  (3)  permanent  set,  uud  (4)  tiehman  freeze  point.  The  results  of  thuso  tests, 
given  in  (he  following  Sections,  have  been  iuken  front  the  Goodrich  report,  ( 1  l^) 


Yer/doy  Resilience 

Ail  the  rubber  compounds  examined,  except  Neoprene  GN,  rViowed  an  improve¬ 
ment  in  resilience  on  irradiation.  The  change  was  small  for  gum  clock  and  carbon 
black- reinforced  slocks  of  natural  rubber  and  Neoprene  GN.  Natural- rubber  compounds 
showed  a  2  per  cent  increase.  Neoprene  GN  compounds  showed  a  1  to  2  per  cent  do- 
errs  He.  Both  .SBR  and  llycar  1002  gum  rubber  and  carbon  black- reinforced  rubber  com¬ 
pounds  allowed  marked  increases  in  resilience  with  irradiation.  The  increases  wore 
52.  per  cent  for  SBR  gum  stock,  18  per  rent  for  SISK  black  stock,  25  per  cent  for  llycar 
1002  (011-25,  a  nitrile  rubber  gum  uionk),  and  2J  per  cent  for  llycar  1002  black  stock. 
Table  ->')  lists  the  percentage  change  in  Yerxley  resilience  for  these  rubber  stocks. 
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TABLE  59.  CHANGE  IN  YER/.LEY  RESILIENCE 


WITH  GAMMA  IRRADIATION  ( 1  1  ‘'9 


Total  gamma-ray  cxpusurtt  ~  10^  ergs  g_  ^  (C). 


T=?3»5B 


Rubber 

Initial 

Value , 
per  cent 

Final 

Value  j 
per  cent 

Per  Cent  of 
Initial 

Change, 
per  i.v1  >t 

Natural  rubber  (gum 
stock) 

93.  8 

95.  5 

101. 9  ±  0.  8 

+  1.  9 

GR-  S 

58.  3 

88.  4 

151.7  ±  2,3 

+•51 .  7 

Neoprene  GN 

85.  4 

83. 2*a) 

97,  5  ±  ).  8''a) 

-2.5<a) 

Hycar  1002 

70.  8 

88.  2 

124.  7  ±  1.  8 

+  24.  7 

Natural  rubber 
+  carbon  black 

74.  6 

76.  0 

101.  9*1.0 

+  1.  9 

GR-S  +  carbon  black 

55.  5 

76,  5 

137. 8  *  0.  5 

+  37.  8 

Neoprene  GN 
+  carbon  bluek 

71.  5 

70. 6<b| 

98. 8  ±  0.  8>b) 

-1.2<b> 

Hycar  1002 
+  carbon  black 

62.  1 

76.  6^ 

123,  2  ±  1. 4<t:> 

+  23.  2(,') 

<»)  Tiiul  rmilMiim  «K|»<witit«  w*s  1(»"  er(;»  u“‘  R.), 

(ti)  Tend  oulntuiii  «x|)umt«  vu  a. ft  x  to"  trgi  u"1  (<:>. 

(i!)  Tutxl  rxiiiitloii  sxpmurs  wm  7  x  I  o’1  ngi  <<:). 

Abrasion  L <<sn 


SBft  (GR-S)  and  rilrilc  rubber- carbon  black  loaded  storks  improved  In  abrasion 
resistance  on  lfi adiaUon.  Natural  rubber- carbon  black  stuck  remained  stable  up  to 
ft.  9  x  10'  ergs  g“  1  (C).  Natural  rubber  uud  Neoprene  GN  gum  stocks  each  undorwont  it 
loan  in  ubrusitm  resistant.  e  by  89  per  cent  at  8.  .9  «  10  •*  ergs  g"  *  (C).  The  carbon  black- 
ruini'orccd  stocks  of  GR-S  and  nil  rile  rubber  were  remarkable  in  that  they  both  showed 
n  due  reuse  in  abrasion  loss  with  irradiation;  a  28  pu’1  cent  Improvement  for  GU-S  and 
an  88  per  cunt  improvement  for  Hyc.tr  1002.  This  means  that  tho  abrasion  resistance 
of  carbon  black- reinforced  rubber  compounds  of  GR-S  and  Hyrnr  1002  actually  improve!) 
witli  a  radiation  dose  of  10^  urge  g- *  (C)  (hoc  Table  60). 


TAB  LK  60.  CIIANG  E  IN  PICO  ABRASION  INDEX  WITH  GAMMA  IRRADIATION  ( * 1 6) 


Abrasion  index  (per 


vtuume  loss  of  standard 

cent)  - - 

volume  loss  of  sample 


x  100. 


Abrasion  Index, 

,  per  cent,  for 
ergs  g* 1 

Indicated  Radiation  Dose, 

<C) 

Pur 

Cent 

of 

Initial 

Per 

Cent 

Change 

Rubber 

0 

10fl  5 

.  x  10* 

109 

3. 5  x  109 

7  x  109 

1010 

Natural  rubber 

28.  3 

26,  9 

26.  6 

26.  8 

23.  5 

14.  7 

3.  2 

11,1 

-88.  7 

(gum  stock) 

GR-S 

16.  9 

16.  5 

16.  2 

11.5 

6,  2 

7,  2 

3.  8 

4 

-77.  6 

Neoprene  GN 

46.  0 

42. 0 

41.  7 

27.  5 

6.  0 

4.  9 

4.  8 

10.  7 

-89.  3 

Hycar  1002 

18.  7 

19.  8 

16.  1 

9.  8 

5.  6 

5.  1 

4.  9 

26.  2 

-73.  8 

Natural  rubber 

96,  8 

96.  6 

97.  8 

94.  4 

90.  7 

85,  2 

68.  4 

70.  6 

-29.  4 

+  carbon  black 

GR-S  +  carbon 

00 

83.  0 

83.  0 

82.  8 

89.  0 

100.  2 

105.  2 

128.  1 

+28.  1 

black 

Neoprene  GN 

105.  4 

100.  6 

101.4 

98.  6 

102.  9 

71.  4 

57.  8 

C4.  8 

-45.  2 

f  carbon  black 

Hycar  1002 

70,  8 

70.  1 

72.  7 

86.  0 

101,  2 

163.  5 

133.  0 

187.  9 

+87.  9 

+  carbon  black 

Permanent  Set 


In  the  change  In  permanent  But  with  irradiation,  natural  rubber  wait  mr  superior 
to  thu  throe  other  ulualumura  touted.  Dotii  it*  gum  and  carbon  black-  reinforced  com¬ 
pounds  had  relatively  low  Initial  pnrmamont  ant,  and  relatively  little  change  occurred  au 
a  reault  of  irradiation.  The  gum  and  carbon  black- reinforced  utocku  of  SBR,  Neoprene 
ON,  and  Hycar  1002  (nitrile)  all  showed  marked  decreases  in  pormanent  uot  au  a  result 
of  irradiation  (see  Table  6i)< 


Gelirnan  Freeze.  Point 

AU  the  gum  and  carbon  black- reinforced  rubber  compounds  showed  Itmall  and  ap¬ 
proximately  equal  increases  in  the  Cehman  freeze  point,  ranging;  from  4  to  12  C,  au 
shown  in  Table  6  2, 
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TABLE  61.  CHANGE  IN  PERMANENT  SET  WITH  GAMMA  IRRADIATION* 1  16> 


Permanent  8«t  (per  cent)  ,  ^covered  height  x  J0Q 

initial  height 


’xgavrs-ssT-.  ssjbsxss — =s 

Permanent 

Set,  per 

cent,  for 
ergs  j;- 

Indicate  J 

1  (C) 

Radiation  Doso, 

Change  in 
Per  eminent 
Set, 

per  cent 

Rubber 

0 

108 

9  x  108 

109 

3.  5  x  109 

7  x  109 

1019 

Natural  rubber 

2.  9 

3.  7 

3.  8 

3.  4 

3.  8 

3.  ?. 

2.  6 

1 

o 

u> 

1 

GH-S 

(Too 

soft  to  test) 

30.  1 

8.  0 

3.  7 

2.  2 

(Large) 

Neoprene  GN 

40.  0 

41,  2 

36.  9 

15.  8 

2.  8 

1,6  ( Too 

bard  to 
teat) 

-40.  0 

Hyeur  1002 

III.  2 

9.  8 

6.  6 

1.  7 

0.  6 

0,  3 

0.  3 

-9.  9 

Natural  rubber 
+  carbon  bluck 

11.0 

11.4 

12,  0 

11.  6 

10.  0 

9.  4 

7.  1 

-3,  9 

CiU-S  +  carbon 
black 

19.  8 

13.  9 

17.  4 

9,  9 

4.  7 

3,  4 

2,  0 

.  15.  8 

Neoprene  UN 
+  carbon  black 

27.  4 

2H.  4 

24.  (1 

13,  1 

(Too  hard  to  test) 

-2  7.  4 

My  car  1002 
+  carbon  black 

11,0 

1  1 .  i 

».  0 

1.  8 

0.  4 

I'L'oo  bard 
test) 

to 

-11.0 

1  J*\  U  *-».! 


H2 

„  .  ^IIANGK  !N  GKI1MAN  FREE/.E  POINT  WITH  GAMMA  IRRADI  ATI  ON( 1  U>) 


Ge 

liman  freeze  Point 

,  c, 

ergs 

for 

g-1 

Indicated  Radiation 

(C) 

Dose, 

Over- all 
Change  in 
Gchinan 

Freeze 

H y bb  e  v 

0 

10^ 

b  x  108 

109 

3. 5  x  i09 

7  x  109 

1010 

Point,  C 

Natural  rubber 

•  59 

-58 

-59 

-58 

-58 

-56 

-53 

+  6 

GR-S 

-52 

-52 

-52 

-52 

-52 

-50 

-48 

+4 

Neoprene  GN 

-40 

-37 

-38 

-37 

(+?) 

-35 

-28 

+  12 

I-Jycar  1002 

-23 

-23 

-23 

-23 

-23 

-19 

-  14 

+9 

Natural  rubher 

-57 

-56 

-56 

-56 

-56 

-52 

-50 

+  7 

+  carbon  black 

GR-S  +  carbon 

-49 

-49 

-49 

-49 

-49 

-46 

-45 

+4 

black 

Nooprene  UN 

-37 

-37 

-37 

-36 

-31 

-37 

-30 

+  7 

+  carbon  black 

Hytar  1002 
+  carbon  black 

-25 

■l  1^-  ■ 

-24 

-24 

-IL4 

-21 

-19 

-19 

Conclusion* 


According  to  thti  Goodrich  report,  dynamic  touts  inUlettUt  tlauL  tlm  tendency  ha* 
been  to  underrate  the  ability  of  rubber  compound*  to  withstand  irradiation  in  torm*  of 
mechanical  service.  Some  mechanical  proportion  of  curtain  rubber  compound*  actually 
Improve  during  irradiation.  Thun,  it  in  neon  that  it  Is  iniporativn  to  obtain  more  data 
under  dynamic  condition*. 


State  of  Cure 


Studies  of  the  effect  of  statu  of  euro  indicate  that  tighter  euro  retards  compression 
set  of  rubbers  which  arc  irradiated  in  u  stressed  slate.  '*5^)  This  suggested  that,  con¬ 
trary  to  the  case  where  the  rubber  is  generally  unstressed  or  lightly  utreSHtid  botween 
loading  cycled,  rubber  end- items  which  are  subjected  to  continuous,  appreciable  com¬ 
pression  or  extension  during  irradiation  should  have  the  maximum  cure  commensurate 
with  the  required  service  properties.  In  thiB  work,  the  effect  ol  state  of  cure  on  the  ra¬ 
diation  resistance  of  Mycar  lOOi  (high  acrylonitrile  content)  was  determined.  Six  dif¬ 
ferent  cures  were  selected  to  represent  undercure,  optimum  cure  and  overture  for  this 
Altux- sulfur  cured,  black- loaded  (SO  phr  of  SR F)  Hyc.ar  stock.  An  interpretation  of  the 
results  indicated  that  the  more  a  polymer  is  crosslinkod  before  compression  and  iriadia- 
tion,  the  high  r  *hc  exposure  dose  required  before  chain  scission  or  further  cron  slink  mg 
or  both  become  measurable.  This  contrasts  with  earlier  statu  stress- sli  ain  work 
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where  it:  was  recommended  that  the  moat  tolerable  undercurc  be  vised  in  any  application 
to  take  advantage  of  radiation  ruring.  That  recommendation  still  applies  in  cases 
where  the  rubber  material  is  not  stressed  during  irradiation. 

Data  obtained  by  Born^''^)  confirmed  earlier  results  which  indicated  that  increas¬ 
ing  care  in  a  compound  reduces  its  susceptibility  to  radiation- induced  set.  On  an  equal 
hardness  basin,  radiation  curing  of  Hycar  1001  offers  no  advantage  over  chemical  cure 
regarding  resistance  to  radiation  induced  compression  sot. 


METHODS  FOR  IMPROVING  THE  RADIATION  RESISTANCE  OF  ELASTOMERS 


Several  methods  were  attempted  to  improve  the  radiation  stability  of  elastomers. 
These  included  the  use  of  fillers,  the  addition  of  radiation- resistant  resins,  and  organic 
additives  called  antirads, 

Fillers,  in  general,  improve  the  radiation  stability  of  rubbers.  Mineral  fillers 
are  not  as  good  as  carbon  black.  Bopp  and  Si*man(?6)  used  asbestos  in  a  natural- rubber 
formulation,  while  Born,  at  the  B.  F.  Goodrich  Company!  132) ,  used  mica  and  asbestos, 
lit  general,  the  physical  properties  were  inferior  to  the  standard  compositions,  and 
there  was  wo  Improvement  in  radiation  stability. 

Researchers  at  the  Goodrich  Company^ ovuluutod  Guodritu  Resin  50  (a  high 
styrene- butadiene  copolymer)  in  CR-S,  Durea  (a  phenolic)  In  nitrile  rubber,  and  Hycar 
HH  (a  breininatcd  Butyl  rubber  which  is  mure  compatible  than  Butyl  rubber)  In  natural 
rubber.  These  materials  Improved  the  radiation  resistance  of  the  gum  stocks,  but  they 
appeared  to  have  little  effect  on  black  slocks. 

Improvement  of  the  radiation  resistance  of  rubber  compositions  was  obtained  by 
adding  organic  additives  similar  in  nature  to  unfloxidunts  (antirads).  A  number  of 

antirads  were  uncovered  that  extended  the  retention  of  tensile  strength  and  the  ultimate 
elongation  of  natural- rubber  tread  stock  under  Irradiation  by  a  factor  of  ten,  Tmi  best 
autirud,  N,  N1- cyclo-hexylphenyl-pura-phouylciiudiamlnu,  reunited  in  the  retention  of 
W  pur  cunt  of  the  initial  tensile  strength  and  88  per  cent  of  the  ultimate  elongation  at  a 
dose  of  10^  ergs  g"  ‘  (G),  compared  with  36  and  18  per  cent,  respectively,  for  the 
normally  protected  control  rubber  compound.  016)  Table  63  lists  the  ten  bust  antirnds 
for  natural  rubber,  based  on  retention  of  tensile  strength  and  elongation. 

Antiruda  appear  to  be  the  only  method  chat  gives  any  real  improvement  tn  radia¬ 
tion  resistance  of  dionc-type  elastomers.  Antlrads  have  Improved  the  radiation  stability 
of  natural  rubber  by  a  factor  of  two  to  ton.  Work  is  in  progress  to  determine  the  im¬ 
provement  shown  by  antirads  with  other  elastomers.  Additions  of  fillers,  reinforcing 
agents,  c  rob  slinking  materials,  plasticisers,  and  resins  have  some  effect  on  particular 
types  of  polymers,  but  the  antioxidant- type  compounds  (antirads)  have  the  greatest  cf 
feet.  Antirads  are,  however,  specific  in  that  some  are  more  effective  with  one  type  of 
polymer  than  with  another.  Thus  far,  over  100  materials  have  been  evaluated  as  po¬ 
tential  antirads  by  The  B.  F.  Goodrich  Co.  This  work  shows  that  best  results  are  ob¬ 
tained  if  lit  anlirnd  is  utilized  in  combination  with  the  commonly  used  nntioxidnn.  phenyl 
beta  naphthyl  amine.  Table  64  lists  some  of  the  more  effective  amirads  and  ’  •  *•  j- 

spunding  elastomers  that  are  improved. 
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TABLE  63.  RELATIVE  RATING  OF  ANTIRADS  BASED  ON  STRESS- 
STRAIN  PROPERTIES*!  16) 

Total  radiation  exposure  n  10^®  ergs  g"  1  (C). 


Relative 

Rating 

Antirad 

Per  Cent  of 
Tensile 
Strength 

Initial  Value 

Elongation 

1 

N , N ’  - C yc lohe xy  lphe nyl-p-phenylenediam ine 

99 

88 

2 

3.6%  Diphenyl- para -phenylenediamine ,  plus 

65%  phenyl-  alpha- naphthyl, amine 

86 

76 

3 

Quinhydrone 

91 

74 

4 

N -  p-  tolyl-  N '  -p-  toluene  sulf onyl-  p -  phenylene - 
diamine 

91 

70 

5 

N-phenyl-N'  -o-  tolylethy!enedlamLne 

83 

72 

6 

Deta-naphthol 

85 

71 

7 

Beta-  naphthylum  Inu 

85 

70 

a 

20  CC  59A 

72 

82 

9 

Fyrogullol 

100 

66 

10 

Phenyl  hydrotjuinono 

87 

6(1 

11 

N ,  N '  -  Dioctyl-  para-  phenylene  diamine 

82 

69 

89 

(ASTM  natural- rubber  tread- stock  control' 

36 

18 
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TABLE  tl't.  THE  BEST  ANTIRADS  FUR  VARIOUS  El  AS  I  OMLUst 


- 

Best  Ant  L  ads 

Elastomer 

Taken  60%  Mss  of  Original 
Ultimate  Elongation 

Taken  at  Loss  o?  Original 
Ultimate  Elongation  at 

J.3  X  to10  Ergs  G-!  (C) 

Natural  rubber 

Antiox  4!U(/al 

Antiox  4010 

Styrene  butadiene  rubber 
(SBC.  1600/150.1) 

Alplia-napnthylainlne 

Alpha-naphthylamiiie 

Nitrile  rubber 
(liycar  1002} 

Alpha-naphtbvlaniine 

Qulnhydtone  and  MX 

Neoprene  ON 

AKroftex  cl1*) 

Akroflex  C 

Hypalon  "20“ 

Quiuliydrone 

Qulnhydione 

Foiyacrylie  rubber 
(Hycar  PA-81.) 

PLX<C> 

Alpha  •iiaplilhylatnliie 

Eolytuuiioe  rubber 
(Thlolwl  ST) 

(Thlukul  PA) 

FLX<‘:> 

F1,X(C) 

FLX 

Buu-naphthol 

Butyl  rubber 

None  found  latlifactory 

None  found  HtUfaetory 

<«)  AnUox  4010  ■  N'Cyuluhexyl-N’-phenyl-p-phenyliaio  diamine, 

<b)  Akrofle*  C  ■  3 lff>  N-N'dlphwtyl-p-phfliylt’no  diamine  plui  Utflt  phenyl 
ntphthyl  amine, 

(«)  ELX  «  N-phenyl'N'-o-tolylethylenc  diamine, 

Borni^6)  determined  the  effect  of  the  acrylonitrile  content  un  compression  set  in 
nitr lie- butadiene  and  styrene- butadiene  rubber*  containing  antirods.  There  appeared  to 
be  a  flight  increase  In  radiation  resistance  with  increasing  acrylonitrile  content,  even 
more  so  In  the  presence  of  Antiox  4010  (N-oyclohnxyl- N'-phenyl- p-phcnyl  dlann  no)  no 
an  antlred. 

The  addition  of  i  phr  of  an  anti  t  ad  slightly  increuacd  tlie  tensile  strength  of  the 
NBR  compound  but  caused  a  mild  decruase  in  the  tensile  strength  of  the  90/10  NBR/S13U 
compound.  Little  or  no  further  change  occurred  in  tensile  strength  when  5  phr  of  nnlirud 
was  added  to  the  base  compound  s 

In  general,  the  incorpc  ■  ation  of  an  anitrad  had  little  or  no  effect  on  hardness.  tt 
caused  a  25  per  cent  decrease  In  volume  swell  in  tlie  NBR  samples  but  no  significant 
change  in  this  property  for  the  NBR/S.BR  aamp'os, 

'ultimate  elongation  increased  wiih  aatirad  concentration  in  the  control  compounds 
by  amounts  ranging  from  18  to  58  per  cent  of  the  initial  values..  T‘  ;  increase  was 
greater  for  the  NBR  "100”  aeries  than  for  the  NBR/SBR  "200"  series. 

Addition  of  antirad  progressively  decreased  modulus  values  of  both  control  com¬ 
pounds  by  amounts  ranging  from  20  to  JU  per  cent.  The  effect  of  antirad  concentration 
on  compression  set  prior  to  irradiation  was  mixed.  Antiox  40  10  decreased  compression 
act  of  the  NBR/SBR  control  compound  by  25  per  cent  of  the  initial  value,  whereas 


146 


hydroquinone  caused  a  25  per  cent  increase  for  the  NBR  control.  In  other  cases,  the 
antirads  caused  little  or  no  change. 

With  the  above  understanding  of  how  antirad  addition  affected  preirradiation  prop¬ 
erties,  Jet  us  consider  what  protection  the  antirads  afforded  against  radiation  damage. 
They  slightly  inhibited  decrease  in  tensile  strength  and  caused  22  to  23  per  cent  less  de¬ 
crease  in  the  initial  ultimate  elongation  value  by  the  1  x  10^  ergs  g“  *  (C)  radiation  ex¬ 
posure  dose.  Only  hydroquinone  failed  to  protect  against  loss  of  elongation  at  break. 

With  the  exception  of  Antiox  4010  and  FLX,  antirads  had  little  net  influence  on  radiation- 
induced  decreases  in  volume  swell.  However,  Ar,tiox  4019  reduced  the  net  decrease  in 
volume  swell  by  33  per  cent  of  the  difference  in  the  NBR  case  and  22  per  cent  in  the  NBR/ 
.SBR  case. 

The  most  striking  protection  occurred  in  the  cases  of  100  per  cent  modulus  and 
compression  set.  which  along  with  hardness  and  resistance  to  swell  and  chemical  attack 
are  the  most  important  in  O- ring  performance.  The  antirads  reduced  the  per  cent  in¬ 
crease  in  modulus  by  amounts  ranging  from  21  to  50  per  cent  of  the  control- sample 
change  in  the  NBR/SBR  serios,  with  Antiox  4010  being  the  most  effective.  The  arMrads 
effected  moderate  inhibition  of  modulus  change  in  the  NBR  soricu  (29  per  cent},  v.  tk 
hydroquinone  giving  no  protection  at  all.  In  the  NBR  series  the  inhibition  of  compression 
set  ranged  from  38  per  cent  less  than  the  radiation- induced  change  In  the  case  of  FBX  to 
complete  protection  in  tho  ease  of  Antiox  4010  (no  radiation- induced  change  in  compres¬ 
sion  sot).  Whereas  the  control  samples  underwent  a  39  per  cent  decrease  in  the 
compression- set  value  because  of  the  i  v  10^  ergs  g~  1  (C)  dose  In  thu  NBR/SBR  series, 
the  samples  containing  antirads  exhibited  little  or  no  change  in  compression  act  by 
irradiation, 

Antirads  protect  evun  such  specialty  rubbers  as  these  proprietary  compounds, 
which  were  developed  to  hwvo  maximum  resistance  to  aircraft  nonradiation  operating 
environments,  from  radiation  damage.  Seco-  i,  the  results  repeatedly  suggest  strongly 
that  compounding  variables,  such  as  type  of  v,  as  tom  or  and  identity  and  concentration  of 
unt trail  can  critically  influence  thu  radiation  Service  of  premium  O-rlng  seals  for  air¬ 
craft.  These  two  conclusions  point  in  turn  to  u  fact  that  lit  being  demonstrated  with  in¬ 
creasing  frtsquer  y  and  force:  at  this  state  of  the  art,  an  untirnd  cannot  ("nsiuilly  be 
selected  or  compounded  into  a  rubber  formulation.  Success  in  achieving  radiation  pro¬ 
tection  depends  upon  choice  of  a  proper  antirad  for  a  particular  elastomer  which  is 
specified  and  an  educated  compounding  of  the  elastomer  to  produce  that  rubber  designed 
to  rolain  best  the  most  critical  service  properties  for  the  chosen  application  during 
irradiation. 

In  addition  to  the  o.ntlrad  studios.  has  found  that,  for  maximum  rouial- 

aneo  to  radiation,  it  i e  best  to  utilize  elastomeric  compositions  in  slightly  undorcurod 
state.  Table  65  shows  that  slightly  undercurod  compositions  are  more  stable  to  radia¬ 
tion  than  those  highly  vulcanized. 
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inliLE  (if-.  EFFECT  OF  CURE  ON  RADIATION  STABILITY  OF  NATURAL  RUBBER*131* 


Per  Cent  of  Initial  Property  Retained  After 
indicated  Exposure,  IO'^KirsG'1  (C) 


Additive. 

lWf>  Modulus 

Tensile  ‘lUetiKtli 

Elongation 

State  of  f'ure 

plir 

0.87 

3.0 

'  6.  1 

8.7 

21.  a 

U,  M  / 

:i,o 

G.  1 

8.7 

21. 8 

0.87 

it  o 

6. 1 

8.' 7 

21. 8 

Slight  under  cured 

None 

140 

180 

280 

360 

94 

D6 

89 

83 

28 

91 

84 

72 

54 

16 

PBNA  0.5 

200 

160 

300 

aso 

650 

Dll 

100 

92 

80 

33 

92 

85 

07 

52 

17 

PUNA  1.0 

80 

200 

300 

360 

600 

105 

101 

91 

76 

29 

9B 

90 

70 

66 

18 

PBNA  2.0 

80 

210 

280 

320 

650 

toi 

99 

92 

81 

39 

95 

87 

72 

62 

20 

PBNA  4.0 

167 

173 

233 

311 

666 

101 

103 

93 

82 

41 

94 

83 

75 

62 

23 

Optimum  cure 

None 

113 

>80 

946 

280 

-- 

fin 

88 

55 

09 

30 

9i 

71 

37 

37 

17 

PBNA  0.6 

114 

193 

239 

307 

443 

104 

97 

R2 

65 

39 

95 

75 

56 

42 

20 

PBNA  1.0 

121 

193 

271 

342 

-- 

106 

97 

83 

62 

39 

97 

79 

60 

40 

18 

PBNA  2,0 

120 

173 

203 

273 

417 

102 

87 

82 

76 

37 

03 

80 

J 

61 

19 

PBNA  4.0 

114 

101 

214 

271 

450 

102 

99 

82 

62 

61 

86 

83 

66 

66 

26 

Sholburg  and  Gevantman^ 1  invnotigated  several  additives  an  possible  autirads, 
but  none  were  as  effective  with  natural  rubber  as  Antiox  4010.  Table  66  lints  the  ma- 
teriala  tried,  the  leaeon  for  their  selection,  and  their  crystalline  longevity  relative  to 
the  standard,  natural  rubber.  This  latter  property  was  determined  from  curves  of  dif¬ 
fraction  spot:  intensity  versus  irradiation  time.  Samples  10  to  li  mils  thick  were 
stretched  to  an  elongation  of  400  per  cent  and  clamped.  They  were  thou  irradiated  while 
stretched  and  tho  crystallinity  checked  periodically  by  X-ray  diffraction.  The  radiation 
time  o.t  which  crystallinity  disappeared  was  compared  with  that  for  the  standard  rubber. 

Front  tho  results  of  this  work  it  was  concluded  that  roaununcu  and  large  molecular 
size  do  not  necessarily  provide  antirud  protection,  Similarly,  the  presence  of  chemi¬ 
cally  stable  and  radiation- stable  ingredients  in  a  vuicanlzatt?  does  not  in  itself  Impart 
protection  againat  radiation.  Also,  an  antirad  effective  for  one  material  is  not  neces¬ 
sarily  satisfactory  for  another,  somewhat  similar  material. 

The  rubber  laboratory  at  tho  Rock  Inland  Arsenal,  under  tho  direction  ol 
i£.  T,  Ossefort'  investigated  potential  antirads  for  nitrile  rubber.  Approximately 

Vj  potential  inhibitors  of  radiation  damage  end  i  curing  systems  were  examined,  None 
of  the  additives,  with  the  possible  exception  ol  11,6  ditertiury  butyl  hydruquinonc,  re¬ 
tarded  radiation  damagu,  Tho  results  for  the  ditortiary  butyl  hydroquinono  wore  not 
conclusive,  and  more  work  with  this  additive  Is  in  progress. 

Other  means  for  improving  radiation  resistance  is  through  modification  of  the 
elastomer,  Grace  and  cow«rker»(*^)  noted  that  alpha  methyl  styrene  showed  promise 
as  a  component  for  radiation- resistant  elastomers.  A  butadiene-methylstyrene  copoly¬ 
mer  with  35  parts  of  an  HAF  Black  showed  only  a  l  point  change  in  hardness  after 
lO1*!  ergs  p*  l  (C) ,  However,  more  work,  is  needed  with  this  type  polymer  to  fully  estab¬ 
lish  its  merit  in  use  with  radiation. 

In  studies  leading  to  tho  development  of  elastomers  with  superior  resistance  to  de¬ 
gradation  by  nuclear  radiation,  Stanley  and  Dolman! 1  30)  critically  examined  tho  struc¬ 
tural  changes  occurring  in  irradiated  SBU  polymers.  Chemical  changes  in  S.HR  in 
toluene  solutions  subjected  to  H.  46  x  10?  to  8,  46  x  10  1  ergs  g“  1  1C)  (1  to  100  mega  ropy) 
uf  gamma  radiation  were  followed  by  infrared  apectrophotomeric  techniques.  Data  wen 
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TABLE  66. 


EFFECTIVENESS 


OF  ANTIRADS  IN  NATURAL  RUBBER  '  Vj'6> 


Antirad 

Reason  for  Choice 

Relative 

Crystalline 

Longevity^*1) 

N-cyr lohexyl-N1  -phenyl- 
p-phonylenediamin<* 
(Antiox  401 0) 

KiK/Wh  to  be  good  antirad  for  natural 
rubber 

* 

Indocarbon  CL 

Immeaial  Now  Blue 

Resonance  considerations  and  possi¬ 
bility  of  chemical  combination  with 
rubber  during  vulcanization 

1.6 

0.  B ') 

Carbanthrcnc  Khaki  2G 

Resonance  conuiderations  ami  large 
molecular  tiiau,  conceivably  condu¬ 
cive  to  maximum  delocalization  of 
energy  received  from  substrate 

1,  2 

None 

Determine  effect  of  carbon;  this  sample 
contained  no  carbon 

1.  1 

None 

Standard  natural  rubber  Multiple 

1.0 

Graphite 

Radiation  Ntubillty,  potonLlu)  reso- 
nuncu  ntubillty,  and  because  It  pro¬ 
vident  an  infinite  network  of  condensed 
rings 

0.  74 

Coppo  r  plithnlocynnims 
Phthulocyunlno 

Resonance  t  ona bln ral ions  ,  excellent 
thermal,  chemical,  and  radiation 
stability 

0.  46 

0.  69 

Didodocyl  nulonidc 

Reported  as  retarding  radiation  damage 
in  lubricating  oiltt 

0.  96 

(II)  Crystalline  longevity  la  llic  twin  i>f  the  irmdutum  lime  lot  the  stretched  robber  to  lose  Its  uysiil  stfuUure  mid  ilie  lliiir 
lot  *  sundarii  natural  rubber  snmpli-  tit  i‘i><e  Its  crystal  structure  wlieo  InadLcal  omJti  r.h>;  same  conditions. 


149 


obtained  indicating  a  marked  differentiation  between  the  rate  ol  attack  of  trails- 1,4  double 
bonds  and  that  of  cia-  1,  2  unsaturation,  with  the  latter  predominating.  The  findings  sug¬ 
gest  a  means  of  inhibiting  degradation  of  the  polymer  by  modification  o*’  tin;  structure  at 
the  sites  moat  susceptible  to  attack.  Toward  this  end,  polymer  synthesis  and  grafting 
studies  based  on  these  observations  are  under  way  in  a  continuation  of  this  work. 

The  technique  described  for  ascertaining  specific  weak  points  ir.  SBR  can  be  ex¬ 
tended  to  other  polymer  systems  to  enable  determination  of  those  structures  and  steric 
configurations  which  impart  maximum  radiation  resistance.  This  is  being  used  as  a 
basis  for  subsequent  synthesis  studies  in  this  work. 

Work  along  the  lines  of  the  cyanosilicone  elastomers  is  being  carried  out  by 
Stanford  Research  Institute  in  the  preparation  of  fluorinated  arylone  modified  polysil- 
oxanen,  and  by  the  Yarsioy  Resoarch  Laboratories  in  London  in  the  preparation  of 
arylone  modified  Bllcarbaues. '  ' 

Information  regarding  methods  for  improving  elastomers  can  be  eumma^lised  as 
follows: 

(1)  Carbon- black  stocks,  in  general,  show  somowhat  better  radiation  re¬ 
sistance  than  their  pure  gum  counterparts.  The  type  of  carbon  black 
used  is  of  little  significance. 

(2)  Compounds  loudud  with  hydrated  silica  appear  to  have  slightly  greater 
radiation  resistance  thun  any  of  the  black- loaded  compounds  when 
tested  after  irradiation  of  2,  62  x  1 0*^  ergs  g‘  *  (C)  (3  x  107  roentgens). 

(3)  Elastomeric  compounds  having  large  loadings  of  huavy  metal  fillers 
are  generally  not  improved  in  rudlution  dumugo  in  respect  to  tensile 
properties.  Only  lead  itulfidu  in  pure  gum  compounds  and  titanium 
hydride  in  pure  gum  and  black  compounds  showed  merit,  Since  tie 
menls  of  higher  atomic  number  absorb  more  gumma  radiation,  it 
might  be  advantageous  to  eliminate  heavy  mutals  from  a  rubber  formula¬ 
tion.  The  elements  in  rubber  are  predominantly  of  low  atomic  number. 

In  general,  the  seine  in  zinc  oxide  and  the  heavy  mutals  in  accelerator* 
and  fillers  are  the  oidy  exceptions.  Tests  are  in  progress  to  develop  n 
satisfactory  stock  with  magnesium  oleate  or  polnsuium  olouto  in  place 

of  sine  oxide  and  stearic  acid.  Such  a  compound  would  have  good 
physical  properties  and  would  be  relatively  transparent  to  gamma  rays. 

(4)  The  addition  of  boron  to  a  rubber  compound  improves  it  at;  a  neutron 
shield,  but  the  boron  accelerates  radiation  damage.  Using  five  parts 
boron  by  weight  for  100  pasts  rubber,  a  2S~fold  acceleration  was  ob¬ 
served  for  natural  robber,  and  a  14-fold  increase  lor  poly  isobutylene, 

(5)  Blended  pc .  gum  stocks,  which  contain  a  high  polymer  in  addition  to 
the  elastomer  have  improved  radiation  resistance.  OR- S/Coodr ite 
SO  gum  stock  .howed  essentially  no  change  after  receiving 

6.  1  x  10'f  ergs  g“  1  (C)  (1  x  !07  roentgens).  I Ivca r /Dure*  resin  com¬ 
pound  improved  in  tensile  strength  during  irradiation  while  showing 
small  changes  in  ultimate  elongation  and  100  per  i  enl  elastic  modulus. 

Smoked  shcet/llycar  1111  pure  gum  showed  excellent  retention  of  all 
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measured  properties  aiul  GR-S/liycar  HU  also  showed  good  resis'ance. 
Ilycar  HII,  a  brominated  butyl  rubber,  helps  the  blond  to  resist  change 
in  100  par  cent  modulus  and  has  a  slightly  beneficial  effect  on  oilier 
stress  -  strain  properties.  The  addition  of  carbon  black  prevents  im¬ 
provement  in  stress- strain  properties  with  the  exception  of  the  modulus. 

(6)  Certain  chemicals,  when  added  to  rubber  compounds,  extend  the  reten¬ 
tion  of  tensile  strength  and  ultimate  elongation  in  a  radiation  field  by  as 
much  as  ten  times.  This  protective  mechanism  can  bo  outlined  briefly 
as  follows: 

(a)  Reducing  or  nucleophilic  agents  prevent  oxidation  of  the  primary 
material.  Among  these  agents  used  are:  quinhydrone, 
pyrogallol,  p~  qutr.ene,  and  cysteine. 

(b)  Oxidizing  or  electrophilic  agents  prevent  radiation  of  the 
primary  material.  Included  in  this  claos  are:  iodine, 
bromine,  potassium  permanganate,  lead  totrac.otaio,  and 
hydrogen  peroxide. 

(c)  Buffer  additives  prevent  a  change  in  acidity  or  alkalinity 
which  might  affect  critical  properties.  There  are  buffers 
for  nearly  every  pH  r.'mgo.  Examples  nra:  citrates 
(sodium  citrate),  phthalatoo  (potassium  acid  phthalato), 
and  borates  (boric  acid). 

(d)  Aromatic  ring  systems  may  act  as  "energy  sponges".  They 
have  sufficient  resonance  energy  to  hold  together  until  the 
vibration-  rotation  energy  is  dissipated  as  heat,  They  usually 
require  a  side  group  which  acts  us  u  "point  of  entry"  of  the 
energy.  A  few  examples  are:  turphonyl,  ethyl  benzene, 
amino  benzoic  acid  and  diphenyl  amine. 

(o)  Stable  free  radicals  provide  protection  for  a  primary  material 
by  "taking  up"  free  radicals  or  activated  molecules  produced 
by  radiation,  thus  preventing  excessive  gassing  or  further 
chemical  reactions.  Two  examples  of  such  stable  free  radicals 
are:  <>,,  n diphenyl- / -pit: ryl  hydrazyl,  and  triphonyl  methyl. 

(f)  If  a  molecule  has  been  equipped  with  a  weak  bond  located  in  a 
none  ritu  al  place  the  energy  from  radiation  absorption  will  go 
into  breaking  this  bond  rather  than  an  important  structural 
bond.  For  example ,  C- I  aide  bunds  on  a  - C-C-C-  chain,  or 
C-S  instead  of  CT  nr  C-C-C-  in  sulfur  impregnated  Toilon, 

(g)  Properties  dependent  upon  e  fuss  linking  may  be  promoted  in 
polymers  under  irradiation  by  the  addition  of  compounds  such 
as,  divinyl  benzene,  sulfur,  or  organic  peroxides, 

(h)  There  are  substances  which  readily  form  rings,  both  aromatic 
and  non- a r omn tic  ,  Chelation  compounds  are  an  example.  Typical  1 
of  such  compounds  are;  plwnylciie  diamine,  ethylene  diamine, 
benzyl  methyl  glyoxime,  sa ! h  y  laldehyde  ,  and  S-  i-  amino  ethyl 
isothio  uranium  bromide. 


(i)  Some  fillers  reduce  radiation  damage  in  elastomers  and  polymers. 

Since  they  have  enormous  surface  areas  it  is  believed  that  the  mechanism  involved  is 
surface  catalysis  of  recombination  processes,  or  surface  adsorption  of  electrons  or  ions 
produced  by  irradiation.  Commonly  used  fillers  arc:  asbestos,  mica,  clay,  ainc  oxide, 
magnesium  oxide,  lead  oxide,  powdered  iron,  and  powdered  tungsten. 


Plastics 


Plastics  are,  in  general,  equal  or  superior  to  the  elastomers  in  radiation  resist¬ 
ance,  with  the  rigid  types  being  the  most  resistant.  Among  the  thermosetting  resins, 
the  glass  fiber-  and  asbestos-filled  phenolic*,  aromatic-cured  epoxies,  and  polyure¬ 
thanes  arc  the  roost  resistant.  Of  the  thermoplastics,  polystyrene  and  polyvinyl  curba- 
Eole  are  equally  as  resistant  to  radiation,  but  have  much  lowor  strength  and  heat 
resistance. 

The  fluorine- containing  plastics,  such  as  Teflon,  Kel-i?',  or  PVC  dogrudo  in  a  ra¬ 
diation  environment  and  liberate  halogen  acid  which  has  corrosive  effects  on  adjacent 
components.  Gassing  of  most  plastics  is  a  problem  in  enclosed  or  poorly  ventilated 
systems. 

Mineral  fillers  and  ceramic  libers  improve  the  radiation  resistance  of  most 
plastics.  Hwsver,  little  success  has  been  achieved  with  organic  scintillators,  except, 
with  L,  5-diphenyloxaicolo,  which  improved  the  radiation  resistance  of  an  epoxy  adhesive 
by  u  factor  of  four. 


Thermosetting  K 0 sine 


Phenolic h,  Unfilled  phenollcs  stand  luirly  low  in  radiu'lon  resistance;  1 5  per  cent 
damage  is  accrued  at  an  absorbed  dose  of  1.  1  xlt)9  ergs  g"  (C).  Their  tensile  and  im¬ 
pact  strengths  do-reuse  about  50  per  cent  at  1  x  10*®  orgu  g“  *  (C).  When  irradiated, 
th‘*y  me  --r ry  brittle,  and  tend  to  crumble.  In  addition,  a  soluble  product  is 

formed  which  causes  the  material  to  disintegrate  in  water. 

The  addition  of  fillers,  particularly  mineral  fillers,  increases  the  stability  of 
phenolic  a.  Phenol-formaldehyde  with  asbestos  filler  (Havog  41)  shows  excellent  radia¬ 
tion  stability,  being  one  of  the  more  radiation- resistant  plastics.  It  is  unaffected  by  ra¬ 
diation  dosages  of  3.  9  x  10*®  ergs  g“  *  (C)  and  is  damaged  by  25  per  cent  at  a  dosage  of 
4,  9  x  10*  *  ergs  g“  *  (C).  It  may  be  noted  that  such  combinations  also  have  higher  heat 
stability.  Of  intareul  is  (he  fact  that  asbestos  improved  the  radiation  resistance  of 
phenolics  but  did  not  improve  stability  of  rubbers. 

Micher^"*)  reported  no  obvious  mechanical  deterioration  in  a  UakfdiW;  phenolic  im¬ 
pregnated  with  phosphorus  after  being  irradiated  for  a  period  of  10  months  in  the 
Clinton  reactor  operating  at  full  power,  lie  claims  that  this  performance  was  unequalled 
by  a.iy  of  (he  other  materials  examined.  Th'  1  ''.ages  were  not  given  for  these 
experiments. 
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Phenolic  Laminates  tested  by  Keller^)  had  not  reached  threshold  damage  after  a 
room- temperature  exposure  to  8.  3  x  IG2!  erge  g~  2  (C).  &on  after  the  irradiated  lami¬ 
nates  were  heated  for  i  /2  hour  at  500  F,  flexural  strengths  were  high,  approximately 
•17.000  psi.  These  values  were  equivalent  to  the  flexural  strengtli  of  nonir radiated  lami¬ 
nates  exposed  to  500  F  for  1/2  hour  (see  Table  19). 

Phenolic  laminates  irradiated  to  an  exposure  dose  of  2,  1  x  10^  ergs  g"  '  (G)  at  tem¬ 
peratures  of  600,  TOO,  800,  and  900  F  showed  equivalent  or  higher  flexural- strength 
values  than  laminates  heated  to  these  temperatures  with  no  irradiation.  (9,81)  Keller 
points  out  that  a  phenolic  system  ordinarily  deteriorates  when  exposed  to  elevated  tem¬ 
peratures  in  the  prosonc.c  of  air  duo  to  oxidation.  He  suggest*)  that  it  is  possible  that 
irradiation  inhibits  the  oxidation  and  that  cro  a  slinking  takes  place. 


Flpoxy  Resina.  When  cured,  epoxy  rosins  are  generally  hard,  extremely  tough, 
and  chemically  inert.  They  arc  the  reaction  products  of  opicblorohydrin  and  poly¬ 
hydroxy  compounds  (ufiuaUy  biaphenol-A)  and  are  used  as  encapsulating  resins  for 
electrical  parts,  for  protective  coatings,  and  as  binders  for  laminates, 

These  ruainu  d>o  above  average  for  plastics  In  radiation  resistance,  having  with¬ 
stood  doses  up  to  9,  5  x  10^  ergs  g-  t  (C)  without  deterioration.  This  is  very  likely  duo 
to  thuir  rigidity  tuui  niomatic  content,  It  is  an  example  of  how  great  rigidity  can  over¬ 
come  i.ho  effuotri  of  tiie  quaternary  carbon  atom. 

.Altken  and  Ralph^^  uummariaed  work  on  the  eflect  of  pulse  radiation  on  cast 
epoxide  rosin  systems.  The  samples  wore  irradiated  with  a  slow  neutron  flux  ranging 
between  9  x  10*1  aind  1.  2  x  10*‘:  n  cm*2  Bee"  l,  the  latter  figure  being  the  maximum 
flux  available.  All  results  are  expressed  as  days  at  pile  factor  12. 

Most  of  the  flexural  strengths  reporltid  consist  of  only  one  break  at  each  lovul  of 
irradiation.  This  is  nut  sufficient  to  obtain  any  degree  of  certainty  but  it  dona  indicate 
which  aro  the  best  systems  to  study  further.  In  the  systems  in  which  more  than  one 
tost  was  curried  out,  it  is  obvious  that  the  variance  about  the  sample  mean  is  inc reused 
by  i rrudiuthm.  This  lias  been  confirmed  in  later  work  not  yet  reported. 

Although  hardness  measurements  were  carried  out  an  a  largo  number  of  samples, 
the  change  of  hardness  with  irradiation  was  small  compared  with  the  experimental  error 
of  the  measurement.  Similarly  the  shrinkages  reported  wore  small  compared  with  the 
error  in  measurement  and  the  alight  variation  in  sample  thicknesses. 

First  results  allowed,  as  expected,  that  the  aromatic  amine  hurdneru  produced 
considerably  more-  radiation- resistant  systems  than  the  aliphatic  amines.  Breakdown  in 
these  latter  cares  consisted  of  rapid  fall  off  in  flexural  strengtli  as  the  irradiation  pro¬ 
ceeded,  and  of  the  worst  cases  of  formation  of  gari  blisters  in  the  samples. 

There  appears  Lo  be  a  connection  between  heat-  distortion  point  (HDP)  and  radia¬ 
tion  resistance.  The  rotational  and  flexural  freedom  of  the  mcthylenic  structure  of  an 
aliphatic  amine  produces  cast  resins  with  low  heat- distortion  points  and,  conversely, 
the  rigidity  of  the  aromatic  hardeners  leads  to  high  HGP's  and  increases  resistance  to 
radiation  effect;!.  The  initial  increases  if>  flexural  strength  observed  in  som-j  systems 
are  probably  caused  by  the  rcaition  of  the  residual  ethoxyline  groups  under  the  influence 
of  radiation. 
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Nearly  all  the  samples  irradiated  were  rapidly  darkened,  probably  due  in  the  initial 
stages  to  conjugated  uniiaturation  effects.  The  dodcccnyl  succinic  anhydride  sample  was 
least  affected  in  this  respect.  It  required  about  n  pile  units  to  darken  the  sample 
through  degrees  of  yellow  and  red,  A  side  effect  which  should  be  born  in  mind  when  con¬ 
sidering  these  effects  is  oxidation  on  the  surface  of  the  specimens.  Reaction  between 
the  conjugated  double  bonds  formed  and  oxygen  diffusing  into  the  surface  of  the  polymer 
can  increase  the  rate  of  chain  scission,  thus  producing  a  component  of  degradation  which 
will  depend  on  sample  thickness, 

Diamino  diphenyl  methane  and  metapiienylene  diamine  are  the  most  radiation- 
resistant  commercially  available  curing  agents,  the  former  being  slightly  better  than  the 
latter  after  long  irradiation  periods.  Benzidine  appears,  from  the  results  of  limitod 
experiments,  to  be  very  much  more  radiation  resistant;  than  diamino  diphenyl  methane, 
du,_  no  doubt  to  the  absence  of  the  active  mothylenic  link  between  the  phenylcne  groups. 

It  is  possible  that  by  Increasing  the  functionality  of  the  roBin  or  the  hardener  one 
may  be  able  to  further  increase  the  resistance  to  radiation,  since  the  syotem  will  be 
more  crosslhtked  (rigid)  than  chose  containing  diepoxlde  only.  Polyepoxide,  rosins, 
derived  from  phenol  formaldehyde  condensation  products  of  novolac  structure  and 
cpichlorhydrin,  have  bum,  prepared.  The  functionality  of  the  hardener  may  be  increased 
in  aromatic  amino  compounds  by  using  either  compounds  such  as  4,  4',  4"-triamino 
triphonyl  methane  which  have  relatively  high  melting  points  and  are  soluble  only  with 
difficulty  in  epoxide  resins,  or  an  aniline  formaldehyde  condonoution  product.  The  latter 
huu  been  prepared  by  Bishop  in  a  suitable  form.  He  produced  a  low- melting-point  solid 
which  wan  compatible  with  epoxide  resin,  producing  a  cured  system  with  a  heat- 
distortion  point  c«*mpn vable  with  that  of  aromatic  amine  uystemsU^S) 

Collchmun  and  Strong!  1&4)  have  also  shown  that  the  curing  system  and  the  reactive 
diluent  used  have  a  large  effect  on  the  radiation  stability  of  epoxy  rosins.  Thu  best  ra¬ 
diation  resistance  is  obtained  with  aromatic- type  curing  agents  such  us  m- 
phenyleuediamliiM  and  pyromollltu:  dianhydridu.  Data  obtained  by  Coliehman  and  Strong 
show  that  epoxy  plastics  of  high  heat-distortion  tempo ruturns  mu  more  resistant  to 
radiation  than  those  huving  lowor-temporsture  resistance.  Py romnllitie  dtunhydride 
curing  Systoms  produce  epoxy  plastics  having  high  hrmt- distortion  temperatures  (500  to 
575  F).  When  such  a  system  received  (die  maximum  radiation  dose  used,  10*®  ergs  g~  * 
(C),  the  hont-diiitortlon  temperature  decreased  from  575  F  to  approximately  550  F. 

hlpon  tiiti  with  diethylaiiilnopropylt'.minc  as  the  catalyst  maintained  its  properties 
up  to  9.  5  x  1010  ergs  g“  l  (C).  On  the  other  bund,  (Span  1001  with  dicyundiamido  as 
the  catalyst  did  not  show  good  stability.  This  was  attributed  to  the  hardener  used. 

Keller!'*'  tested  a  heat-resistant  epoxy  and  a  regular  epoxy  lamina  to  to  determine 
the  dose  for  threshold  damage  at  room  temperature.  Both  laminates  contained  glass 
fiber  as  the  reinforcing  agent.  The  heal- resistant  epoxy  laminate  wus  the  least  re¬ 
sistant  of  the  two,  showing  some  degradation  after  an  exposure  dose  of  8.  3  x  10***  ergs 
g-  *  (C)  and  considerable  degradation  after  an  exposure  dose  of  1.5  x  10**  ergs  g"  1  (C), 
The  regular  epoxy  laminate  reached  a  radiation  threshold  damage  somewhat  beyond 
Z.  5  x  10**  ergs  g"  *  (C),  and  significant  loss  of  strength  did  not  occur  until 
8.  3  x  10*1  ji"  !  ((j),  (See  Table  19.) 

In  addition  to  room- temperature  studies,  the  heat-resistant  epoxy  laminate  was 
irradiated  at  500  F  for  300  hours  to  u  total  c  -.oesure  dose  nf  8.  3  x  10l*  ergs  g'*  (C). 
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Cuuiprcssivu  strength  dropped  considerably  when  the  laminates  were  subjected  to  hent 
alone.  However,  the  elicit  of  heal,  an  I  radiation  was  not  as  severe  as  that  of  heat  alone. 

Scintillators  have  been  investigated  an  a  means  of  improving  the  radiation  resist¬ 
ance  of  opoxy  rosins.  Those  materials  absorb  nuclear  radiation  and  emit  the  energy  in 
the  form  of  visible  radiation  which  does  not  damage  the  material.  Stanford  Research 
Institute  found  that  one  of  these  compounds,  diphcnyloxazolc,  improved  the  radiation  re¬ 
sistance  of  Epon  VIII.  ('k®)  Lap- shear  specimens  containing  9.  1  per  cant  of  the  diphon- 
yloxaacie  lost  only  11  per  cent  of  their  strength  when  subjected  to  a  beta- radiation  dosage 
of  8  x  10^  ergs  g*  1  (C).  Control  tipecimens  under  the  same  conditions  lost  40  per  cent 
of  their  strength. 

On  the  basis  of  limited  studies,  epoxy-phenolic  resins  have  very  good  radiation 
stability,  maintaining  their  properties  up  to  a  dose  of  10^  ergs  g“  1  (C),  One  epoxy¬ 
adhesive,  Epon  422  J,  was  irradiated  at  77  to  68  F  (25  to  30  C)  to  a  dose  of  approxi¬ 
mately  fa,  8  x  10^  ergs  g"  1  (C).  Even  when  tested  at  500  F,  it  showed  only  about  25  per 
cont  loss  of  tensile- shear  strength.  Tha  combined  effect  of  heat  and  radiation  has 

not  boon  determined  at  the  present  time. 

Hunter!*^),  in  his  study  of  plastic  shields  for  reducing  permanent  nuclear- 
radiation  damage,  found  that  epoxy  resins  cun  be  used  to  advantage  to  decrease  the 
amount  of  permanent  damage  to  sensitive  transistors,  nr  other  solid-  stele  devices,  flow- 
over,  largo  quantities  of  plastic  would  bu  needed  to  completely  eliminate  tills  damage, 
and  the  effects  of  the  thormali/.atlun  of  last  neutrons  -  an  increase  in  the  number  of 
thermal  neutrons  and  an  increase  in  the  number  of  gamma  rays  present  -  on  transient 
effects  in  the  devices  have  not  been  considered.  It  is  expected  that  some  interesting 
data  on  transient  offerin'  would  bn  obtained  from  an  experiment  in  which  operating  de¬ 
vices  were  surrounded  by  large  quantities  of  plastic  and  exposed  to  the  Gudivu  reactor. 

If,  as  a  result  of  such  experiments,  it  was  learned  that  thermal  nsutronc  were  a  con¬ 
tributor  to  the  transient  damage,  it  would  bu  quite  simple  to  add  smuli  amounts  of 
thuf,mul- neutron  shield  material  to  the  over- all  uhluld,  and  thereby  remove  the  thermals 
-  with  subsequent  increase  in  gamma  field,  however. 

Mixer^'^)  prepared  model  compounds  of  diglycidyl  other  of  Uisphmtul  A  (DKHA), 
Epon  1001,  and  Epon  X-  131  by  reacting  them  with  n-propyl  alcohol,  phenol,  n- 
butylamine,  dlethyltunlne,  and  aniline.  Thu  compounds  thus  represent  segments  of  Uiu 
cured  polymer  chain  between  crosslinks  and,  in  some  cases  (with  amines),  they  repre- 
S />nt  the  augment  including  the  crosslinkiug  amino  groups. 

The  chemical  darnagu  resulting  from  irradiation  appears  to  be  a  cleavagu  of  the 
amine  groups,  which  volatilize ,  and  a  cron  blinking  of  the  polymer  moieties.  The  order 
of  stability  oi  resins  appears  to  be  Epon  X-  131  >  Epon  1  00  1  >  Epon  82W,  and  that  of  the 
utability  of  the  crosslinking  agents  Nll^>  Et^NH '-DuNH^-  A  comparison  of  damage  to 
model  compounds  and  to  adhesives  at  the  same  done  range  shown  that  a  small  amount  of 
chemical  damage  can  result  in  large  changes  in  physical  properties  in  the  cured  adhe¬ 
sive.  In  view  oi  the  similar  constitution  (resinv/ise)  of  glass  laminates,  it  is  apparent 
that  the  high  glass-filler  content  (65  to  70  per  cent)  in  the  laminates  exerts  a  Uomundnus 
protective  effect. 


Isocyanate  resins.  Isocyanate  resins,  commonly  known  as  polyurethanes,  arc 
formed  by  the  reaction  of  compounds  containing  two  or  more  active  hydrogen  groups, 
such  as  hydroxyl,  ammo,  or  carboxyl  groups,  with  diisocyanatea.  The  principal 
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compounds  used  at  the  present  time  are  polyesters  and  polyetht  rs.  Linear  polyesters 
reacted  with  diisocyanates  usually'  give  elastic  polyurethane-,  white  highly  branched 
polyesters  give  rigid  polyurethanes. 


Flexible  and  rigid  polyurethane  foams  are  becoming  increasingly  important  be¬ 
cause  of  their  high  tensile  strength,  excellent  tear  and  abrasion  resistance,  chemical 
resistance,  dielectric  properties,  and  low  thermal  conductivity.  They  can  be  used  up  to 
150  C,  dene  ding  on  the  composition.  Because  of  their  dielectric,  properties,  they  are 
used  as  raaome  and  antenna  housings  in  aircraft. 


Tomaehot*71*)  tested  the  ultimate  flexural  strength  and  flatwise  compressive 
strength  of  polyurethane  foam  sandwich  constructions  after  irradiation.  The  foam 
wich  sample  showed  no  reduction  in  mechanical  properties  up  to  1  x  10**  ergo  g"‘ 
the  largest  dose  to  which  the  samples  were  subjected. 


aand- 

(C), 


Polyester  Resins.  Unfilled  polyesters  have  poor  radiation  stability,  hardening  and 
developing  small  cracks  under  irradiation.  Although  the  stability  of  various  polyesters 
will  vary  somewhat,  their  properties  begin  to  change  at  approximately  107  to  10®  ergs 
g“  *  (C).  Tensile  strength  and  impact  strength  decrease,  although  tensile  strength  may 
increase  at  flrat. 

Oolichman  and  Scarborough  at  Atomics  International  studied  die  radiation  stability 
of  unfilled  polyesters,  **”7)  The  materials  Lasted  are  listed  in  Tablo  67.  They  found 
that  Solectron  5003  improved  up  to  20  per  cent  in  tensile  strength  and  Young's  modulus. 
The  other  materials  were  not  significantly  changed.  No  changes  in  hardness  of  heat- 
distortion  properties  at  doses  of  9.  09  x  10?  to  4.  5  x  10^  ergs  g  1  (f.)  ( l,  0  x  10°  to 
5.  Ox  10?  rads)  were  noted.  Styrene-modified  polyester  syrups  can  bo  completely  cured 
by  irradiation  at  these  doses,  but  properties  of  tho  cured  products  are  nut  significantly 
superior  to  those  cured  by  conventional  methods, 

TABLE  67.  DESCRIPTION  OF  POLYESTER  RESINS  TESTED*  >*>7) 


Polyester  Resin 

Approximate  Composition 

Applications 

Solectron  3003*ft) 

Unsaturnted  alkyd,  sty  rone  modified 

General  purpose 

Solectron  50l6<11* 

Uiieutiw.ilud  alkyd,  styrene  modified 

General  purpose 

Laminae  4123**1) 

Unsaturatod  alkyd  (maleic  anhydride 
and/or  ethylene  glycol),  styrene 
modified 

General  purpose 

Laminae  *1128**-') 

Uncaturatcd  alkyd  (maleic  anhydride 
and  propylene  and/or  ethylene 
glycol),  styrene  modified  (35  per 
cent  elyrono) 

Formulated  for  retention  of 
strength  at  elevated  tem¬ 
peratures;  aircraft 
accessories,  storage 
tanka,  etc. 

Laminae  4202***) 

Unsaturated  alkyd  same  as  above  but 
containing  30  per  cent,  of  diallyl 
phthalato  instead  of  styrene 

High- viscosity  resin;  good 
for  hand  lay-up,  high- 
temperature  application  . 
radomes,  etc. 

(.i)  Pill •biir».!i  PI, ‘He  Gln-j  r.,», 
(b)  American  (  yanainid  i  o. 
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Charlesby  .me*  cO"WOrkcvs(  168)  , 1 1  so  studied  the  c/foctfl  of  nuclear  radiation  on  the 
curing  of  polyester  syrups.  Following  are  the  polyesters  used  in  these  studies: 


Polyester 

Components 

Molecular 

Weight 

Double  Be 
per  Mole 

A 

Dicthylene  glycol,  maleic  acid 

2166 

1 1.  b 

B 

Diethylene  glycol,  maleic  acid 

783 

1.  6 

C 

Propylene  glycol,  rnaleic  acid, 

succinic  acid 

768 

2.  9 

D 

Propylene  glycol,  maleic  acid, 

succinic  acid 

721 

4.  3 

E 

Ethylene  glycol,  propylene  glycol,  adipic  acid 

1860 

0.  0 

The  first  effect  noted  was  the  increase  in  viscosity.  Incipient  gelation  occurred, 
and  further  irradiation  caused  the  gel  to  become  rigid.  The  extent  of  conversion  was 
found  to  be  dependent  only  on  the  total  dose  and  not  on  the  intensity  of  radiation.  The 
effect  of  various  additives  on  the  dour,  required  to  produce  gelation,  is  shown  in  Table  60, 
and  their  effect  on  time  of  gel  is  shown  in  Table  69, 


Oriented  films  appear  to  have  greater  stability  than  the  random  polymer.  Mylar 
(polyethylene  turephthalate) ,  a  polyester  film,  has  been  reported  stable  up  to  10  **  ergs 
g“*(  absorbed  dose  <  109  rads),  when  subjected  to  electron  radiation.  On  the  other 
hand,  Harrington  indicates  that  Mylar  roaches  threshold  damage  at  an  exposure  dose  of 
4,  4  x  10»  ergs  g"  *  (C)  (5  x  10&  roentgens)  and  25  per  cent  damage  at  about  8.  7  x  10**  ergs 
g-l  <C)  (lufl  roentgens). 


Irradiation  in  vacuum  to  8.  7  x  10^  ergs  g"  1  <C)  produced  the  same  damage  as 
4.  4  x  10^  ergs  g“  *  (C)  in  air,  indicating  that  oxidation  plays  some  part  hi  the  damage 
Induced.  Mylar  is  unaffected  during  thermal  uging  up  to  200  C  (392  F)  by  irradiation, 
except  at  levels  above  1010  ergs  g"  *  (C). 


Dacron  is  u  liber  having  the  same  chemical  composition  as  Mylar  polyester  film, 
Dccuuso  of  its  radiation  stability,  it  has  been  recommended  for  use  us  lire  cords  where 
radiation  slubility  is  nssorvtiul.  Dacron  Is  not  adversely  affected  by  air  when  irradiated, 
as  shown  by  tenello  and  elongation  strengths  and  Die  flax  life  ol  Dacron  tire  cords  when 
irradiated  in  air  and  in  a  vacuum  (see  Table  31). 

Upon  exposure  lo  a  radiation  dose  of  4,  56  x  10*  *  ergs  g"*  (C)  (1.  5  x  10***  n  cm"'*), 
polyethylene  torophthulate  (Dacron)  l'iborc  begin  to  powder  wiDi  complete  loss  of 
strength.  0^9)  Crystallinity  does  not  change,  which  gives  evidence  that  irradiation  does 
nor.  induce  crosslinking.  RaUiur,  the  offset  Of  radiation  on  polyethylene  tcrephthulate  Is 
to  Induce  chain  cleavage.  (*6t) 


In  a  study  to  determine  the  comparative  stability  of  various  fibers  used  for  tiro 
cords,  .Dacron  with  quinhydror.e  or  quinonc  UBed  as  antirads  allowed  better  resistance  to 
radiation  than  the  other  tire^cord  fibers  examined.  ( *09)  Dacron,  both  with  and  without 
the  antirad,  showud  the  best  retention  of  stress- strain  properties  after  irradiation. 


Allyl  diglycol  carbonate,  used  as  a  casting  resin  or  adhesive  for  optical  gUtos,  is 
one  of  the  more  radiation- resistant  polyesters.  It  is  unaffected  by  radiation  to 
l.  5  x  10®  ergs  g"  *  (C)  and  is  damaged  by  25  per  cent  at  a  dosage  of  6.  8  x  1 0 9  ergs  g~  ’ 
(O).  Elongation  of  this  material  increases  to  a  maximum  of  more  than  260  per  cent  at  a 
doue  ol  6,  5  x  10*0  ergs  g"  *  (C)  and  then  decreases  rapidly. 
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TABLE  68.  EFFECT  OF  ADDITIVES  ON  DOSE  REQUIRED  TO  PRODUCE  GELATION*168* 


Additive 

Concentration, 

ppm 

Exposure 
Does, 
erfljs  r”  1 

(C) 

Gelation 

Dose, 

megarads 

Increase  in  EV 
Required 
per  Moloculfc 
of  Additive 

None 

-  • 

5.  1  x  107 

0.  56 

„  — 

Anthracene 

1000 

1.  0  x  108 

1.  10 

9:9 

8-Hydroxy  quinoline 

1000 

7.  2  x  107 

0.80 

3:5 

Nitrobenzene 

2000 

7.  2  x  107 

0.  79 

1:4 

Aliyl  thiourea 

1000 

6.  5  x  107 

0.  72 

1:8 

Naphthalene 

1000 

5.  1  x  107 

0.  56 

Diphenylolpropane 

1000 

5.  1  x  107 

0.  56 

Alpha- naphthyl  amine 

1000 

3.  1  X  10 

0.  36 

-  „ 

Bota-naphthylamine 

1000 

5.  1  x  107 

0.  56 

-  ~ 

Phenol 

1000 

5.  1  x  107 

0.  56 

... 

Bcnioquinone 

300 

9.  1  x  107 

1.  00 

16:4 

600 

l.  14  x  108 

1.  26 

13.4 

1000 

2.  04  x  I0» 

2.  24 

16:  o 

2000 

3, 5  x  108 

3.  82 

18:3 

TABLE 

60.  EFFECT  OF  ADDITIVES  ON  TIME  TO  GE 

L<168) 

Initiator  1  Per  Cent  Benzoyl  Peroxide  at  90  C 

Additive 

Concentration,  ppm 

Time  to  Gel,  min 

None 

-  ~ 

51.  5 

Quinone 

300 

98.  5 

Anthraccnu 

1000 

65.  5 

Naphthalene 

1000 

51.  5 

8-Hydroxy  quinoline 

1000 

77 
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An  environmental  control 
diaphragm  in  the  control  valves 


system  containing  a  silicone-impregnated  Dacron! 
exhibited  no  failure  at  5  x  ID9  ergs  g"  1  (G). 
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The  addition  of  mineral  fillers  increases  the  radiation  stability  of  polyesters  by 
approximately  100-fold.  Bopp  and  Sisman!^®)  found  that  the  physical  properties  of 
Plaskon  Alkvd,  a  mineral-filled  polyester,  began  to  deteriorate  at  a  radiation  dose  of 
8.  6  x  109  ergs  g"  *  (C),  a  a  compared  to  10^  or  10®  ergs  g"  *  (C)  for  unfilled  polyesters 
Deterioration  by  £.5  nor  cent  was  attained  at  a  dose  of  3.  9  x  10 1  i  ergs  g'  '  (C),  after 
which  properties  decreased  rapidly. 


Polyester  laminates  show  good  radiation  stability.  Johnson  and  Sicilio!®®)  irra¬ 
diated  several  types  of  glass  fiber-polyaster  laminates  used  in  aircraft  construction  to 
a  total  exposure  dose  of  approximately  2.  4  x  109  ergs  g'  1  (C)  (6  x  10*4  fast  n  cm-'*', 

6  x  10*^  (nvQ)t,  and  5  x  10*“  gamma  photons/cm^).  No  major  changes  in  the  physical 
properties  of  the  laminates  were  found  after  this  exposure. 


Keller*9),  in  an  effort  to  determine  threshold  damage  for  laminates,  irradiated  a 
polyester  and  a  heat-resistant  (TAG)  polyester  to  8,  3  x  10 11  ergs  g“  *  (C).  When  irra¬ 
diated  at  room  tomperature,  the  TAG  polyester  reaching  threshold  damage  between 
a.  3  X  10 *0  and  2,  49  x  10*1  ergs  g"  1  (C)  was  less  resistant  to  radiation  than  the  regularly 
cured  polyester  which  reached  threshold  damage  between  2.  49  x  10*1  and  8.  3  x  10**  ergs 
g~  1  (C)  (see  Table  19).  These  laminates  were  not  irradiated  at  elevated  temperatures. 


Silicone  Rosins.  Silicone  resins,  used  for  laminates,  coatings,  and  insulating 
materials,  are  not  seriously  degraded  at  exposure  doses  to  1()9  or  1 0 1 0  ergs  g"  *  (C)  and, 
with  the  proper  filler,  uro  satisfactory  to  10*  *  ergs  g"  1  (C),  Dielectric  proportion  are 
only  slightly  lowered  at  the  latter  exposure. 


The  stublllty  of  aliphatic  polyailoxunoa  to  radiation  is  below  that  of  polystyrene  and 
polyethylene  and  similar  to  that  of  the  polyamides.  *“*)  The  presence  of  phenyl  groups  lit 
the  sllicona  chain  increases  radiation  stability,  while  the  presence  of  methyl  groups  In¬ 
creases  flexibility.  Silicone  ruslna  generally  have  a  high  phenyl  content  and  are  roueou- 
ably  good  with  respect  to  i  a>  'atlon  resistance,  Silicone  fluids  are  less  resistant,  to  radia¬ 
tion  than  the  resins.  Again,  J>«  presence  of  the  phenyl  group  improves  the  rudiation 
resistance  of  the  fluid.  Phunylmothyl  silicone  fluids  and  mothvl-hydrogen  silicone  fluido 
are  more  radiation  resistant  than  the  dimethyl  silicone  fluids.**9)  Figure  15  shows  the 
radiation  stability  of  several  typuu  of  silicone  compounds. 


Silicone  polymers  initially  crosslink  when  irradiated,  As  a  confirmation  of  the 
resistance  of  ph  enyl- containing  silicone,  high  polymers  to  radiation  crus  slinking,  it  may 
be  noted  that  a  phonylmcthylpoly siloxanc  subjected  to  1,86  x  10“*  ergs  g"  *  (C)  was  cross- 
linked  to  about  the.  same  extent  as  a  dinietliylpoly siloxanc  at  a  dose  of 
109  ergo  g~  1  (C)  <!46> 


Glass  laminates  fabricated  with  silicone  resins  show  exceptionally  good  radiation 
resistance.  They  reach  a  threshold  of  degradation  when  exposed  to  gamma- radiation 
(loses  to  1U»»  ergs  g"  *  (G).  *9 )  Phenolic  resin  laminates  modified  with  silicones  show 
oven  better  resistance  to  radiation. 


2§j  No  iiignificonf  effsct 

VA  Som9  effects,  but  often  usobie 

[~ ]  Limited  oppticotions 


L 


Oumefhyl  silicons  fluids 
Phenylmethyl  silicone  fluids 
Silicone  compounds 
Silicons  rubber 

Gloss -reinforced  silicone  resin* 


i  i  -i  i _ L _ J 

lO7  10®  10®  10°  10"  I0t8 


Absorbed  Dose,  ergs  g_l 

A-sieoe 

FIGURE  15.  RADIATION  RESISTANCE  OF  SIGICONES^0) 

Keller^  determined  tho  threshold  of  degradation  caused  by  gumma  radiation  for 
silicone- glass  fiber  reinforced  laminates  and  studied  the  combined  effects  of  heat  and 
radiation  on  these  laminates.  At  room  temperature,  silicone  laminates  reach  threshold 
damage  at  about  I0“  ergs  g”  *  (C).  Mnwnvor,  tensile  strength  donn  not  drop  off  until 
i.  <‘)  x  10“  ergs  g“  1  (C). 


The  combination  of  heat  and  radiation  wus  no  more  detrimental  than  heat  alone  to 
these  'umlautes,  except  at  the  highest  exposure  dose  |  B.  3  x  10 *■*  ergs  g“  '  (G)).  (Sou 
Table  19.)  Geminates  exposed  to  4.  i  x  H)1^  urgw  g"  1  (C)  at  500  F  hud  n  flexural  strength 
only  about  15  per  cent  less  than  that  of  laminates  exposed  to  500  F  with  on  irradiation, 
However,  flexural  strength  of  the  luminutes  exposed  to  heat  alone  decreased  to  approxi¬ 
mately  4 1  per  cent  of  Un.'  original  vulue, 


A  silicone- gls ss  cloth  laminate  expound  to  n  gumma  flux  of  1,  .1  >t  10“  photons 
*  for  a  period  of  3  months  uuffered  neither  color  nor  dimensional  chungOH. 

l«en 

47)' 


c ni ' ^  sec 


(C). 


Assuming  an  average  photon  energy  of  l  Mov,  this  in  a  do  so  of  about  5  x  10lu  ergs  g-  1 


However,  ita  insulation  resistance  jumped  from  10^’  to  V  x  10^  megohms 


Asbestos- silicone  laminates  have  been  tested  at  room  temperature  and  have  shown 

1  10  ~  i 

no  apparent  change  in  properties  to  an  absorbed  dose  oi  1.  1  to  i,  0  x.  10  urge  g 
(1.1  to  i.  0  x  10®  rads).  (77)  At  6  x  HI  10  ergs  g”  1  (6  x  10®  rudft),  ter  silo  strength  in¬ 
creased  10  per  cent,  shear  strength  decreased  5  per  cent,  hardness  increased  5  per 
cent,  and  specific  gravity  increased  5  per  cent,  while  the  gas  evolved  amounted  to 
7  ml/g. 

A  new  extreme-temperature  silicone  cncapsulant,  still  in  the  development  stage, 
is  reported  to  have  good  radiation  resistance  (specific  data  are  not  given)  ,(*  7<>)  Tho 
material,  designated  as  Dow  Corning  R-75ZI  resin,  is  a  solvontloas  silicone  resin  com¬ 
pounded  with  an  inorganic  filler.  Owing  to  its  exiellenl  radiation  resistance,  this  ma¬ 
terial  is  believed  to  be  suitable  for  use  in  motors,  controls,  and  other  devices  designed 
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for  vise  with  nuclear  rcHctors,  Radiation- resistance  studies  have  shown  this  filled  resin 
to  be  essentially  unaffected,  both  physically  and  electrically,  hy  doses  as  high  as 
1.8  k  lOll  ergs  g“  1  (C)  (4,  000  megarads).  Similar  radiation  resistance  is  exported  of 
xirconium  orthoci!  icatc- filled  silicone  resin. 

Although  little,  if  any,  difficulty  with  this  new  material  is  expected  for  most  com¬ 
mercial  applications,  the  extreme  thermal- shock  requirements  of  apci.if icaiimis  may 
limit  its  use  in  airborne  and  ordnance  equipment. 

For  most  applications,  irradiation  up  to  9.  1  x  10*®  ergs  g~  *  (C)  (1,000  mega  rads) 
has  no  appreciable  effect  on  the  major  properties  of  the  silica- filled  R-7541  resin.  How¬ 
ever,  several  effects  were  noted.  The  color  was  slightly  darkened,  and  rapid- rise 
electric  strength  was  increased  by  irradiation  from  4.  5  x  10  to  9.  1  x  10  10  Gl-ga  g-  1 
(G)  (500  to  .1,000  megarada),  low-fr equency  dissipation  factor  was  increased  slightly, 
dielectric  constant  was  increased  very  slightly,  moisture  resistance  was  decreased  on 
the  surface,  arc- resistance  measurements  became  more  consistent  and  were  low  hi 
value,  and  dielectric  losses  during  irradiation  were  large  and  wore  a  strong  function  of 
the  dose  rate. 

Dow  Corning  301  molding  compound  was  irradiated  at  the  Nuclear  Aircraft 
Research  Facility  at  Convair  at  ambient  temperature.  ^  7)  Table  70  shows  that  tensilo 
strength  apparently  increased  at  all  flux  levels,  compressive  strength  showed  no  appreci¬ 
able  change,  and  water  absorption  doubled  at  the  highest  dose, 

AliLE  70.  EFFECTS  OF  RADIATION  ON  DOW  CORNING  301  MOLDING  COMPOUND  <  1 


Group 

Flux 

Uuminu, 
ergs  g "1  (C) 

Neutron, 
n  cm”*** 

Tensile 

Strength, 

lh 

Comp  re  naive 
Strength, 

psl 

Water 
Absorption 
Alter  44 -<1  lour 
Immersion, 
per  cent 

Controls 

1196 

10, 700 

0.  113 

I 

5. 5  x  107 

9.  9  x 

10 1  ^ 

0,  101 

11 

8, 5  x  108 

9.  9  x 

10*3 

0.  149 

ill 

8.  8  x  10ll 

9.  9  x 

H)  ,14 

0.  431 

IV 

C. 0  x  10 1 

4.  3  x 

10U 

1408 

10, 900 

V 

4.  8  x  ION 

4,  b  x 

10 13 

1670 

10, 400 

VI 

4.  a  x  lo1-’ 

4.  6  x 

10  i'i 

1  j<n 

11, 300 

vuM 

4,  a  x  ioM 

•l.  6  x 

1 0  *  3 

1571 

vm(^) 

4,  8  X  10« 

1.6  x 

10  13 

1309 

.. 

(n>  AH  groups  were  Irradlttlwl  at  Ambient  tcnipurnlmc  with  the  exception  ,»f  (<rnii|>  VII  and  nruep  VIII  which  were  trr.'tuimed  ,vt 
- C.i>  F  uiel  ‘100  F,  respectively. 


Furano  Rosins.  Furaue  resins,  consisting  of  furfural- phenol  and  furfuryl  alcohol- 
dirnethylol  types,  are  heat-  and  corrosion-  ro h iatant  thermosetting  plastics.  These 
resins  are  brittle,  however,  and  their  applications  are  usually  limited  to  special  molding 
compounds,  adhesives,  and  coatings. 
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The  only  studies  so  far  noted  on  these  resins  are  those  of  Bopp  and  Sis  man. 

They  report  that  Duralon  (furane  with  asbestos  and  carbon- black  filler,  manufactured  by 
the  U.  S.  f’-  meware  C  impany)  changed  very  little  in  properties  up  to  a  radiation  expo¬ 
sure  of  over  10  1  l  ergo  g~  *  (C). 


Amino  Resins.  Amino  rusins  (urea,  formaldehyde,  melamine  formaldehyde,  and 
aniline  formaldehyde)  are  thermosetting  rcsinn  used  in  shockproof  laminates,  wiring 
devices,  adhesives,  and  surface  coating  formulations.  Because  of  their  electrical- 
insulation  properties,  they  are  used  in  electronic  equipment  and  in  aircraft  ignition 
parts. 


Urea  formaldehyde  rcains  are,  in  general,  about  average  for  plastics  in  radiation 
ret  stance.  Such  plastics  are  unaffected  by  radiation  doses  up  to  8.  3  x  1C®  ergs  g"  *  (C) 
and  are  damaged  by  25  per  cent  at  a  dose  of  5.  1  x  10^  ergs  g"  *  (C). 

Melamine  formaldehyde  plastics  are  slightly  more  radiation  resistant  titan  aro  the 
urea  formaldehyde  types,  being  unaffected  up  to  a  duBe  of  7.  4  x  10®  ergs  g“  *  (C)  and 
damaged  by  25  per  cent  at  a  dose  of  1,  1  x  10*®  ergs.  g"  *  (C).  Urea-  and  melamine- 
formaldehyde  resins,  when  filled  with  ccllulosic  materials,  become  brittle,  blister, 
swell,  and  crumble  upon  exposure  to  gamma  radiation.  (5) 


Pulynnilinu  formaldehyde,  a  linear  polymer  which  la  generally  thermoplastic,  !i«h 
better  resistance  to  radiation  than  the  above  two  types  of  plnstlcu  in  all  properties 
except  impact  strength.  The  Impuct  strength  of  this  pluotir  is  unaffected  at  7,  4x  107orgs 
g"  *  (C)  and  damaged  by  25  per  cent  at  a  dose  of  1. 4  x  10^  ergs  g-  1  (C),  Because  of  its 
pour  stability  with  respect  to  impact  strength,  polyuniline  formaldehyde  Is  rated  below 
uruu  torma.ldohydn  In  radiation  stability.  For  applications  where  Impact  strength  Is  not 
important,  It  would  bo  considered  r  o  having  excellent  radiation  stability.  However,  uhis 
of  polyanthus  formaldehyde  is  limited  because  of  its  poor  heal  resistance. 
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Styrene  Polymers  and  Copolymers.  From  the  standpoint  of  change  In  physical 
properties  and  hydrogen  evolution  during  irradiation,  poly  styrene  is  one  of  die  moat 
stable  of  nil  high  polymers.  This  stability  is  believed  duo  to  the  dissipation  of  the  radia¬ 
tion  energy  of  thu  benaanu- ring  structure. 

Polystyrene  exhibits  threshold  degradation  at  10*,J  ergs  g"  *  (C)  uiul  25  per  cent 
damage  at  greater  than  4  x  10**  ergs  «“  *  (C).  Infrared  spectra  reveal,  that  exposure 
doses  of  10*2  ergU  g-  1  (G)  are  required  in  a  vacuum  to  produce  significant  spectral 
change*.  (^H)  An  exposure  dose  of  10*2  ergs  g- *  (10*®  rads)  appears  to  start  a  wholesale 
disruption  of  the  polystyrene  molecule. 

Oxidation  plays  little  or  no  part  in  the  radiation  damage  of  polystyrene,  However, 
there  is  a  post  irradiation  oxidation  effect  which  continues  for  at  least  23  days.!*  fl)  It  is 
believed'  that  this  is  due,  in  part,  to  the  formation  of  free  radicals  during  irradiation. 
There  arc  indications  Lliat  this  oxygen  comes  from  molecular  oxygen  in  air  and  not  from 
water  vapor.  I®®)  This  is  shown  by  the  fact  that  polystyrene  absorbing  3.  5  x  10**  ergs 
j; '  *  (5.5  x  10®  rads)  in  the  Oak  Ridge  graphite  reactor  si. owed  far  greater  Oil  and  C-O 
bond  intensities  after  exposure  to  an  atmosphere  of  oxygen  for  14  days  than  after 


exposure  to  saturated  water  vapor  for  the  same  Length  of  time.  Also,  the  OH  absorption 
in  polystyrene  receiving  an  nbsorbeu  dose  of  10^3  ergs  g“  1  tlO^  rads)  was  not  lessened 
by  the  sample  remaining  in  a  vacuum  of  0.  2  micron  for  4  days. 

Parkinson  and  Binder  also  studied  the  post  irradiation  oxidative  effects  on  poly¬ 
styrene.  Samples  which  had  received  doses  of  1.8  x  10^  ergs  g~  *  (C)  { H  x  1 0 9  rads)  or 
more  oxidized  to  hydroxyl  and  carbonyl  products  on  exposure  to  air.  {'?*•/  The  rate  of 
oxidation  appeared  to  bo  dependent  on  tho  dose.  The  molecular  weight  of  irradiated 
polyscyrane  stored  at  room  temperature  in  a  vacuum  did  not  change  appreciably  for 
periods  up  to  200  hours  if  the  radiation  dose  was  below  that  required  for  gelation. 
Chariesby  reported  that  gelation  begins  at  the  equivalent  of  1.  S>  x  10 10  ergs  g"  *  (C)  (a 
slow- neutron  flux  of  0.5  x  10*^  n  cm“‘‘)0^). 

Polystyrene  retains  Its  optical  properties  better  than  Plexiglas  or  glass  under 
ionizing  radiations.  (17^) 

The  radiation  stability  of  styrene  copolymers  is  generally  poorer  than  that  of  tho 
styrene  polymer  itself.  For  example,  SBR  (GR-3),  a  copolymer  of  styrene  and  butadi¬ 
ene  is  loss  resistant  to  radiation  than  polystyrene.  Also,  a  high- impact- strength 
p  lystyreno,  when  irradiated,  lost  its  impact  strength  rapidly  until  it  was  no  bettor  limn 
tlie  unmodified  polystyrene,  showing  that  tho  modifying  agent,  was  affected  rather  than  tho 
polystyrene. 

Irradiation  of  poly- alpha- methylstyrene  was  carried  out  by  the  Naval  Research 
caborutory.  Their  results  show  the  chain  scission  and  growth  of  unsaturation  occurs 
(see  TuUlo  A-B6).  0  fb)  /k  later  study^b)  indicated  that  tho  ummturution  did  not  reside 
in  tho  polymer  molecule  itself  but  that  it  took  place  in  the  Low- molecular- weight  com¬ 
ponent  (1000  or  leas),  which  could  be  extracted  from  tho  polymer  in  a  benzuuc  solution. 

Radiation- induced  polymerization  id'  aloha- muUiylnty reno  was  examined  by  HiroLa 
and  co- workers  at  the  University  of  Osaka.  ( '  * 0  They  learned  that,  at  doses  of 
.5,  3  x  10b  ergs  g”  1  ((',)  (6  x  10^'  roentgens),  carbon  tetrachloride  additive  u  accelerated 
the  polymerization,  uuphLhnUmu  retarded  it,  and  ortho-  and  pa rubenzoquinonc  inhibited 
it  almost  compUilely. 


Polyvinyl  Carbuzolo.  Polyvinyl  curbaznlc  is  one  of  the  more  radiation- ro distant 
nonfilled  plastics.  It  has  a  threshold- damage  dose  of  8.  8  x  10^  ergs  g"  *  (C)  and  Is  ilutii- 
aged  by  ilb  per  cent  at  about  4,  4  x  10  1  *  ergs  ,g~  *  (C).  ^  It  is  somewhat  affected  ljy  a 
radiation  dose  lower  than  that  for  polystyrene,  but  botli  urc  damaged  by  2b  pur  cent  at 
about  the  same  dose.  However,  the  cnrb.izolo  rcuin  is  brittle  and  its  applications  arc, 
therefore,  limited. 


Pol y viny !  Cb! 
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Polyvinyl  chloride  (PVC)  is  equivalent  to  polyethylene  in  its 


radiation  stability.  Its  properties  I  igin  to  change  at  a  radiation  dose  of  1.  9  x  10^  ergs 
while  it  ia  damaged  by  2b  per  cent  at  a  dose  of  1.  1  x  loH1  ergs  g“  *  (C).  Ten- 
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nil < :  aSrength  of  PVC  is  not  affected  until  it  is  given  a  radiation  dose  higher  than  Ihsl 
which  affects  polyethylene.  However,  the  tensile  strength  of  polyethylene  first  increases 
and  then  decreases.  PVC  decreases  more  rapidly  than  polyethylene  in  tensile  strength, 
but  its  elongation  does  not  decrease  as  rapidly  as  that  of  polyethylene. 


ibi 

Harrington  and  Gibarson^0)  report  that  no  HCl  was  found  in  mass-spectrometer 
analyses  of  polyvinyl  chloride.  This  material  was  irradiated  to  5  x  10^  ergs  g“  '  (C). 
Bopp  and  Sisman^M  reported  HCl  as  one  of  the  irradiation  products,  although  perhaps 
tire  HCl  was  evolved  at  higher  dosages.  The  liberation  of  hydrogen  chloride  when  PVG 
is  irradiated  makes  this  material  unsuitable  for  many  applications  in  a  nuclear 
environment, 

A  polyvinyl  chloride  compound,  Goon  2046,  was  found  to  bo  stable  to  nuclear  radi¬ 
ation  to  an  absorbed  dose  of  1.  9  x  io'1  erga  g“',  and  changed  by  25  per  coat  at 
1.  I  x  1010  ergs  g'l.  Harrington  and  Giberson!20)  report  two  additional  Geon  com¬ 
pounds,  3630  and  8640,  to  have  somewhat  lower  radiation  stability.  These  compounds 
show  a  radiation- sensitive  threshold  at  an  exposure  doso  of  less  than  4.  4  x  108  ergs  g~  1 
(C)  (5  x  IO*"  roentgens)  and  25  per  cent  damage  at  approximately  4,4  x  10^  ergs  g”  *  (C) 

(5  >  10?  voentgnns),  These  variations  may  be  due  primarily  to  sample  thickness.  The 
material  reported  In  RBIC  Report  No,  3(69)  was  80  mil,  while  the  materials  reported  by 
Harrington  and  Ciberaon^20!  were  4  and  20  mil.  Table  71*  lists  the  changes  in  clonga- 


tion  and  tensile  strength  found  by  Harrington  and  Giberson. 

TADUi  11.  CHANGE  IN  PHYSICAL  PROPlilcm*  UP  POLYVINYL  UHOIP. 
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The  breaking  strength,  breaking  elongation,  viscosity,  and  thermal  shrinkage  lor 
samples  of  polyvinyl  chloride  subjected  to  gamma  irradiation  in  vacuum  at  0  io 
2.  6  x  10'-*  ergs  g  *  (C)  (0  to  3  x  10  ^  roentgens)  were  studied  by  Takayan.tgi  and  co- 
workers  at  Kyushu  Uni  versity!  I  1&).  They  found  that  the  breaking  strength  decreased  with 
increasing  radiation.  Breaking  elongations  wetu  not  ...n  ted,  The  degree  of  polymer¬ 
isation  estimated  from  viscosity  measurements  decreased  with  irradiation  at  lower 

*  I'.ihlr  .1  ij  .1  J njil n  ale  a!  J  abt-  [i..  If  i-  ii'i'e.u, -4  liot,-  I.m  Il„-  ,  ,i:;s  i,  ,ki-  hi  iiialiin,;  a  i  tiui|>ari  am  will)  llu-  lent. 
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doses,  while  it  showed  <«  tendency  to  rise  at  higher  doses  again.  Tho  irradiation  effects 
on  thermal  shrinkage  became  markedly  visible  only  ,.t  higher  temperatures. 

Studies  of  the  coloration  of  three  types  of  polyvinyl  chloride  films  irradiated  at 
8.  8  x  10?  to  <1,6  x  10'  ergs  g~  1  (C)  (10^  to  3  x  10^  roentgens)  in  air  showed  that  the  pure 
film  gradually  darkened  at  room  temperature ( 1 79) .  The  rate  of  coloration  increased  at 
higher  temperatures.  In  films  containing  stabilizers,  the  noted  color  change  was 
greater  than  for  those  with  no  stabilizer.  Film  containing  a  plasticizer  had  an  absorp¬ 
tion  spectrum  similar  to  that  measured  for  the  other  two  specimens,  but  in  this  case, 
the  absorption  did  not  reach  a  limiting  value  by  heat  treatment. 

Data  on  tho  mechanism  of  radiation  degradation  of  polyvinyl  chloride  are  con¬ 
tradictory,  McFedrres  of  Dow  Chemi' al  reported  that  polymers  containing  halogens, 
such  as  polyvinyl  chloride,  tend  to  degrade( while  Miller  of  General  Electric  re¬ 
ported  that  crob slinking  occurs,  resulting  in  a  flexible,  vulcanized  product  with  no 
noticeable  decomposition  or  loss  in  heat- aging  charac tcristica(  18  1) t  Miller  used 
Goon  101,  containing  Flexol  DOF,  dibasic  lead  phthalatc  (Dythal)  stabilizer,  polyvthyl- 
onegtyrol.  dimethacrylate  (monomer  MG-  1)  additive,  and  Vulcan- 9  filler.  Doses  ranged 
from  approximately  8.  7  x  10^  to  1,8  x  Kn  ergs  g“  *  (C)  (0.  1  to  <10  megaroentgons).  No 
specific  data  were  given  in  tho  McFndries  report.  An  explanation  for  this  apparent  con¬ 
flict  in  data  may  bo  found  in  tho  work  of  Wipplor  of  Cie  Saint  Gobain,  Antony,  Franco, 
who  reported  that  irradiation  of  pure  polyvinyl  chloride  powder  with  a  cobalt-60  source 
resulted  in  tho  occurrence  of  both  degradation  and  .erotislinking,  (*82)  Tj,e  presence  or 
absence  of  uir  appears  to  determine  to  a  groat  extent  which  mechanism  is  predominant. 

Sakurada  and  co-workers  at  Osaka  Laboratories  attempted  graft  eopolymcriisfttion 
of  styrene  to  polyvinyl,  alcohol  Induced  by  gamma  radiation,  (183)  Graft  copolymers  were 
obtained  with  polyvinyl  alcohol  films  containing  more  than  6  per  cent  absorbed  wale, 
when  they  were  suspended  in  alyrtmn  and  with  dry  films  of  tho  alcohol  suspended  in  a 
mixture  of  styrene,  acetone,  and  water.  Only  hontopolymuru  resulted  when  dry  films 
of  polyvinyl  alcohol  were  suspended  in  styrene  alone.  Polyvinyl  alcohol,  which  bolongn 
to  the  so-called  degradation- typo  polymer,  can  be  croiitdlnkod  when  irradiated  in  the 
presence  of  water, T184)  Suite,  of  Glum  University,  Tokyo,  states  that  the  actual  result 
is  undlinklng  instead  of  c rosrdinklng.  ( *8^) 

Polyethylene.  Polyethylene  is  unaffected  by  rndiulion  to  nbuorbud  dose  of 
I.  9  x  l()9  urge  g“  f  and  accrues  ,1b  per  cent  damage  at  9.  3  x  1()9  ergs  g"  *,  (5)  Tensile 
strength  increases  at  first,  but  ut  approximately  1.  1  x  lO1^  ergs  g"  1  (C),  it  begins  to 
du crease  and  is  Zf»  per  cent  lower  than  the  initial  value  at  approximately  l()l^  (!i-ga 
K"  1  (<-')• 

Harrington  and  Giboraont^®)  observed  a  somewhat  lower  threshold  value  for  poly¬ 
ethylene  when  they  irradiated  3,  5,  10,  and  lb-mil  films  of  polyethylene.  No  major 
differences  in  the  radiation  resistance  of  these  films  were  noted.  All  showed  a  consid¬ 
erable  change  in  properties  between  4,  4  x  10®  ergs  g“  *  (C)  (b  x  10^'  roentgens)  and 
8. 7  x  10®  ergo  g”  1  (C)  (10  ^  roentgens).  The  15-rnil  films  showed  a  greater  increase  in 
tensile-  strength  at  lower  doseu  than  did  the  thinner  films. 

Polyethylene  ia  subject  to  oxidation  when  irradiated.  This  is  one  reason  that  thin 
films  are  degraded  at  lover  radiation  doses  than  thicker  films.  However,  polyethylene 
shows  very  little  poulir radiation  oxidation.  (®®<  Samples  irradiated  by  coball-60  to  an 
exposure  dose  of  6.  L  v  10®  ergs  g“  1  (C)  did  not  undergo  oxidation  after  irradiation. 
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The  softening  point  of  polyethylene  increases  on  irradiation  with  doses  below 
ll/J  ergs  g"  *  (C).  Meikle  and  Graham^18^)  produced  a  higher  melting-point  material  by 
subjecting  a.  standard  grade  of  polyethylene  to  an  electron- beam  generator.  The  irra¬ 
diated  material  operated  as  wire  and  cable  insulation  continuously  at  150  C,  for  ex¬ 
tended  periods  at  200  G,  and  for  a  few  hours  at  300  C.  However,  CharlesbyO®7)  pointed 
out  that,  at  higher  radiation  doses,  polyethylene  becomes  a  flexible,  rubber l i'r t  material 
and,  with  continued  radiation,  it  becomes  a  cruoaiinkeu  material  which  is  somewhat 
brittle  and  cheesy. 

Harrington^1  88)  tested  several  commercial  polyethylene s,  come  containing  carbon 
black,  for  radiation  stability.  Those  materials  containing  carbon  black  and  an  antioxi¬ 
dant  apparently  had  slightly  better  radiation  stability  than  the  standard  polyethylene  with 
respect  to  tensile  strength  hut  not  with  respect  to  elongation. 


High-density  polyethylene  is  much  more  crystalline  than  the  low-density  type,  ar.o, 
therefore,  its  radiation  stability  may  be  expected  to  be  different,  Harrington  and 
Giber  aont-0)  state  that  a  high- density  polyethylene  (Marlex)  is  very  susceptible  to  radia¬ 
tion  damage  and  deteriorates  at  low  exposures.  The  c  roe  si  inking  ability  of  Marlex  is 
greatly  reduced,  as  shown  by  the,  decrease  in  tensile  strength  at  low  exposure  doses. 
Marlex  is  about  95  per  cent  crystalline  and  has  a  density  of  0.  960.  A  2-mil  film  was 
extremely  brittle  and  crumbly  after  4.  4  x  10^  ergs  g"  1  (C)  (5  x  107  roentgens).  Even  at 
4.  4  a  108  ergs  g"  1  (C)  (5  g  10^  roentgens),  elongation  had  decreased  by  92  per  cent  and 
tonsile  strength  had  due  roused  by  12  per  cent.  However,  in  thicker  films,  Marlex 
behaves  more  like  the  lower  density  polyethylene.  Table  IS  shows  the  change  in  elonga¬ 
tion  and  tbnsile  strength  with  increasing  radiation  exposure  for  low-  and  high- density 
polyethylene. 


A  high- density  material,  Super  Dylan,  increased  in  tensile  strength,  decreased  in 
elongation,  and  became  brittle  with  exposure  doses  up  to  7,8  x  109  ergs  g~  1  (C).  On  the 
basis  of  these  data,  it  appears  that  thu  high-density  material  is  slightly  more  resistant 
than  the  standard  polyethylene,  but  not  to  the  extent  that  it  would  bo  more  serviceable. 

The  U.  8.  Rubber  Company  Research  Center  has  attempted  the  incorporation  of 
giuftod  polymers  and  metals  into  polyethylene  In  an  effort  to  improve  hlgh-tomporaturo 
properties^8''1).  Experiments  iiuve  been  made  to  establish  methods  of  grafting  and  to 
gain  insight  into  the  properties  of  thu  resulting  polymers  lor  establishing  more  definite 
routes  of  investigation.  The  most  promising  route  found,  to  date,  has  been  to  Incorpor¬ 
ate  fillers  into  the  polymers,  followed  by  grafting  and  curing  either  by  rudiation  or  chem¬ 
ical  means.  Radiation  of  samples  containing  oxides  definitely  shows  some  interaction 
between  the  filler  and  the  polyethylene.  Values  of  zero- strength  temperature  as  high  as 
350  C  (660  F)  huvo  been  reached,  indicating  some  degree  of  stability  in  the  vicinity  of 
tlr'  temperature,  54r.ro- strength  temperature  Is  the  temperature  at  which  the  material 
1  i ii as  all  tensile  strength  and  is  thus  an  approximate  measurement  of  the  melting  point. 
Samples  of  the  polyethylene  containing  metal  oxidos  were  also  irradiated  and  subse¬ 
quently  grafted  with  a  mixture  of  styrene  and  methacrylic  acid.  These  grafted  polymers 
gave  a  higher  zero- strength  temperature  (660  F)  than  did  the  ungrafted. 


Polyvinyl  Formal.  Polyvinyl  formal,  used  as  an  adhesive  and  in  wire  and  cable 
applications,  is  similar  to  polyvinyl  hutyral  in  its  properties  and  applications.  How¬ 
ever,  its  radiation  resistance  is  betu  r  than  that  of  the  hutyral,  and  slightly  poorer  than 
that  of  PVC.  Its  threshold-  damage  dose  is  1.6  x  lO^  ergs  g"  1  (G) ,  and  25  per  cent 
damage  occurs  at  a  dose  ol  1 .  i.  :  1 0  1  ®  ergs  g"  1  (C).  (76,  !  13) 


Polyvinyl  ido  ne  Chiu  ride.  The  radiation  stability  oi  polyvinyl  ideno  chloride  (Saran) 
is  between  that  of  polyvinyl  formal  and  polyvinyl  butyral.  It  is  approximately  equal  to 
that  of  urea  furmaldehdye  and  is  about  average  for  plastics.  The  threshold  damage  dose 
ia  4.  1  x  10®  ergs  g~  *  (C),  and  it!)  per  cent  damage  occurs  at  4.  5  x  10^  e  rgs  g" 1  (C). 
Saran  softens,  blackens,  evolves  hydrogen  chloride,  and  decreases  in  tensile  strength 
when  irradiated.  ( 


Polycarbonate.  Polycarbonate  resin  is  a  light- amber,  transparent  the vrooplastic- 
type  molding  resin  which  has  high  impact  strength,  excellent  dimensional  stability,  good 
electrical  properties,  and  goo..  heat  resistance.  It  can  bo  used  continuously  at  tempera¬ 
tures  up  to  275  F  and  tor  short-time  operation  to  285  or  300  F.  The  commercial  resins 
have  the  structural  unit  l -OC^I-fyCfCH^gC^H^CO-  {  and  are  the  first  commercially  use¬ 
ful  thermoplastic  materials  which  incorporate  the  carbonate  unit  as  an  integral  part  of 
the  main  polymer  chains.  They  are  presently  being  uaotf  for  coil  forms,  gears,  cam®, 
bushings,  bearings,  housing  for  business  machines,  and  electrical  apparatus,  Other 
possibilities  include  lenses  and  instrument  windows. 

Harrington  and  Giber son^®)  irradiated  polycarbonato  films  (Lexan  and  Macrofoi), 
The  results  were  discussed  previously  in  the  section  on  films. 


Fluoroothylcno  rolymors.  Fluoroethylene  polymers,  to  trulluuru  ethylene  (Teflon), 
and  monochlnrotrifluoroothylcnn  (Kcl-F,  /luorothonc,  polyfl.uoron,  and  others)  are 
w'dely  used  in  seals,  gaskets,  and  electrical  eqiupment  where  high  temperature  and 
corrosion  resistance  are  the  requirements.  These  types  of  plastics  are  readily  suscep¬ 
tible  to  radiation  damage,  The  presence  of  chlorine  in  Kel-F,  with  its  large  capture 
cross  section,  makes  it  particularly  susceptible  to  damage  by  slow  neutrons.  0*1) 
Fluorinatod  materials  do  not  crosslink,  but,  instead,  the  fluorine  atom  is  liberated  and 
reacts  to  break  u  carbon- to- curbon  bund,  which  contributes  to  the  poor  resistance  of 
fluoroethylene  polymers  to  radiation. 

Generally,  the  radiation  chemistry  of  fluorocarbons  can  be  related  to  the  changes 
observed  in  the  physical  and  mechanical  properties  of  the  lrradiatod  polymer.  (192)  The 
rapid  degradation  of  polytetrafluoroethylene  by  ionUing  radiation  can  be  attributed 
chiefly  to  the  prevalence  of  main  chain  scission  by  liberated  fluorine  atoms  and  the  pro¬ 
duction  of  entrapped  fluorocarbon  gases. 

Poesibllltos  for  improving  the  radiation  rosistance  of  fluorocarbon  polymers  in¬ 
clude  developing  atyi-ene-typu  structures  and  incorporating  fluorine- atom  scavengers  In 
the  molecule,  o.  g.  ,  hydrogen  or  trifiuoromethyl  radicals. 

Collins  and  Calkins'*  *  ^  reported  threshold  damage  for  Teflon  us  1.  7  x  It/’  ergs 
g“  1  and  25  per  cent  damage  au  3.  4  x  !0&  urgs  g"  1  (3.7  x  10^  rads). 

According  to  Harrington^ le8)  tensile  strength  of  Teflon  decreases  by  40  per  cent 
after  a  dosage  of  i  x  10®  ergs  g“  1  (C),  while  the  elongation  decreases  by  93  per  cent; 
Teflon  becomes  very  brittle  and  crumbly. 

Teflon  has  been  irradiated  under  various  environmental  conditions  at  Inland  Test¬ 
ing  Laboratories^  * 7)  _  it  has  been  irradiated  at  -65  I’,  73  F,  and  350  F  to  a  total  gamma 
exposure  of  2.  6  x  10  1  ergs  g”  1  (C).  Exposure  was  made  in  atmospheres  of  air  and 
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nitrogen.  The  conclusion  reached  was  that  the  initial  decrease  in  tensile  strength  was  a 
Xunction  of  the  irradiation  and  testing  temperature.  For  irradiations  and  tests  at  both 
73  and  350  F,  the  tensile  strength  decreased  to  between  40  and  60  per  cent  of  the  original 
values  at  the  exposure  dose,  2.  6  x  10  7  ergs  g“  1  (C).  At  -65  F,  the  effect  of  irradiation 
v. as  negligible  at  the  same  radiation  exposure.  Elongation  also  depended  on  the  irradia¬ 
tion  dog©  and  die  teat  temperature.  At  350  F,  elongation  wan  15  to  20  per  cent  of  the 
control  values.  At  73  F,  it  was  40  to  60  per  cent  of  the  control  values.  Teflon  irradi  ¬ 
ated  in  nitrogen  at  350  F  maintained  a  higher  tensile  strength  and  elongation  than  when 
irradip  ad  in  air  at  the  same  temperature.  This  increase  in  stability  was  not  noted  at 
73  F. 


Measurements  of  several  dielectric  properties  of  Teflon  were  made  before,  during, 
and  after  gamma  irradiation  by  Coy  of  The  Martin  Company  at  Baltimore.  093)  poaf_ 
irr  .diation  measurements  of  the  dielectric  constant  of  specimens  ranging  in  thickness 
from  3  to  125-mil  showed  no  significant  change  after  irradiation  to  a  dose  of 
5.  0  x  1()9  ergs  <*“  *  (C)  (5,  7  :i  10?  roentgens).  The  volume  resistivity  of  specimens  ir¬ 
radiated  at  dose  rates  ranging  from  2.  6  x  10“*  to  1.6  x  10^  ergs  g"  1  (C)  hr"  *  (3  x  10^ 
roentgens  hr“  *  to  1.85  x  10^  roentgens  hr”  1)  decreased  very  rapidly  during  irradiation. 
.After  approximately  20  hours,  resistivity  reached  a  constant  value  which  wua  a  factor  of 
1()3  below  the  preirrsdiation  value.  It  increased  after  removal  from  tha  irradiation  field. 
Results  indicato  that  resistivity  varies  inversely  with  dose  rate  and  specimen  thickness. 
Postirradiatiou  values  of  resistivity  are  dependent  on  the  dose  which  the  specimen 
received. 

Guneral  Electric  Company^  has  found  that  Teflon,  when  immersed  in  u  jet 
turbine  oil  [MIL- 7808  (a  aebucate  ester) ),  shows  improved  stability  to  radiation. 

Table  72  shows  the  property  chungos  of  this  material  when  irradiated  in  air,  and  in  Jet 
turbine  oil  at  400  F. 

TABLE  72.  PROPER  TV  GUANOES  IN  A  FLUOR  IN  AT  ED  POLYMER 
IRRADIATED  IN  AIR,  ARGUN,  AND  JE^’  TURBINE 
OIL  AT  400  F  BY  COBALT  •  60< lu  0 
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Tests  to  determine  the  suitability  of  Teflon  for  flexible  connector  applications 
were  made  by  Cooke  at  General  Electric.  094)  A  Toflontubo  was  enclosed  in  a  stainless 
steel  wire- bra  id  sheath  and  exposed  to  doses  of  8.  8  x.  16°  to  ?.  6  x  10  1  ergs  g"  (C)  (l  to 
3  x  10s  roentgens).  In  the  Lasts  Fluorofiex  Teflon  was  found  to  be  both  stronger  and 
more  flexible  than  the  ordinary  white  variety.  After  exposure  to  8.  8  x  1U^  ergs  g”  *  (C) 
(10^  roentgens),  the  tensile  strength  wan  approximately  equal  to  that  of  the  unirradiated 


white  material.  Failure  of  the  connector  was  due  to  stress  corrosion  of  the  stainless 
steel  braid  caused  in  part  by  adsorption  of  HF,  from  the  Teflon,  on  the  outer  surface  of 
the  steel  thimble  where  the  Teflon  had  been  tightly  pressed  into  the  corrugations  to  give 
a  hermetic  seal. 


Kel-F  which  was  not  plasticized,  was  subjected  to  6  x  10 14  fast  n  cm^', 

6  x  (nv0)t,  and  5  x  10 16  gamma  photons  cm.  (80)  jhia  exposure  represents  a 

total  exposure  dose  of  approximately  2.  4  x  10^  ergs  g”  *  (C),  At  this  exposure  dose,  the 
ultimate  tensile  strength  of  Kel-F  was  not  changed,  Elongation  increased  47  per  cent, 
and  impact  strength  decreased  16  per  cent.  Table  73  gives  the  values  before  and  after 
irradiation.  These  compare  with  the  radiation  stability  of  Kei-F  as  reported  by  Bopp 
and  Sisman  and  as  given  in  REIC  .Report  No.  3(“9)  in  which  threshold  damage  is  reported 
as  1.  3  x  108  ergs  g'  1  and  25  per  cent  damage  is  given  as  2  x  10^  ergs  g~*. 


TABU!  ’ll.  EPPKCT  UP  RADIATION  ON  PHYSICAL.  PROPSRTiKS  01'  (WIV.ST1C12E0  KtX  l*H0) 
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Radiation  Applications,  Inc,  ,  ha*  reported  that  radiation  grafting  can  make 
fluorocarbon  polymer*  »uch  as  Teflon  and  Kel-F  bondabio  and  dyoubln  witii  water- 
aolublo  dyuo(*95)(  Wetting  properties  of  the  polymer  surface  can  bu  adjusted  by  the 
treatment,  Thu  inatoriul  is  not  given  enough  radiation  to  seriously  affect  its  properties, 
and  tiio  company  is  presently  able  to  form  a  product  which  l*  completely  stable  up  to 
250  C.  096)  It  is  reported  that  the  tensile  strength  of  a  typical  treated  Teflon  tupu  in¬ 
creased  from  2300  to  about  3000  psi  after  treatment.  Elongation  of  tile  same  piece  of 
tape  decreased  from  :i 00  to  about  120  per  cent.  These  values  can  be  varied  by  control- 
ing  treatment  conditions  and  the  physical  properties  of  the  original  tape. 

Two  polyvinyl  fluoride  resins,  R-  20  and  R- 22  film  materials,  touted  by 
Harrington,  were  found  to  possess  some  strength  and  resisted  breaking  when  subjected 
to  the  benrl  test  after  exposure  to  4.1  x  I'.)  9  ergs  g' '  (C)  (5  x  10^  roentgens),  (12.7)  R -22 
allowed  slightly  more  resistance  to  radiation. 


Polyvinyl  Butyrnl.  Polyvinyl  butyra!  is  unaffected  by  radiation  to  a  dose  of 
■I,  7  x  100  ergs  g"  *  (C and  is  damaged  by  25  per  cent  at  a  dose  of  1.9  x  109  ergs  g“  I  (C) 
which  is  below  the  average  of  polymeric  materials.  Tensile  strength  decreases  rapidly 
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I (i ^  ergs  e~  1 
brittle.  ( '*) 
and  aircraft. 


(C).  Upon  irradiation,  the  material  first 
Polyvinyl  butyral  is  used  as  an  interlmor 


softens  and  then  becomes 
for  safety  glass  in  autorr.o- 


Collulosics,  Ccli  ilos..  polymers,  such  as  cellulose  acetate,  cellulose  acetate 
butyrate,  cellulose  nitrate,  cellulose  propionate,  and  ethyl  cellulose  are  among  the 
polymers  least  resistant  to  radiation  damage.  The  physical  properties  of  the  cellulosics 
deteriorate  rapidly  under  gamma  radiation,  At  doses  of  1.9  x  10^  ergs  g"  *  (C),  cellu- 
lose  acetate,  one  of  the  more  radiation- resistant  cellulosics,  has  deteriorated  by  ?,5  per 
cent. 


In  the  case  of  cellulose  acetate,  irradiation  does  not  appear  to  affect  the  breakdown 
vol.nge.  Tlie  lack  of  change  in  the  dielectric  properties  is  unexpected,  since  the  me¬ 
chanical  properties  are  extremely  sonsit've  to  radiation.  (197) 


Acrylic s.  Polyrnothyl  mothacr ylatu  (Locke  or  PioxiglttB),  a  transparent  thermo¬ 
plastic  material  having  a  softening  point  of  ISO  to  210  F,  is  below  the  average  of  most 
plastics  in  radiation  stability.  Its  stability  is  about  equal  to  that  of  styrene  butadiene 
(SDR)  rubber.  It  is  unaffected  by  radiation  to  8.  2  x  10^  ergs  g"  *  (C),  but  tensile 
strength  and  elongation  are  decreased  at  a  dosage  of  1.  I  x  lO^  ergs  g‘  *  (C).  The  phys¬ 
ical  properties  deteriorate  quite  rapidly  above  that  amount  of  radiation.  Above  109  orgs 
g"  i  (C)  of  absorbed  radiation,  polyinelhyi  methacrylate  becomes  very  brittle. 


Light  transmittance  drops  from  91  to  56  pul1  coni  at  5.  5  x  10^  ergs  g"  *  (C)  of 
absorbed  radiation,  ^ although  there  is  only  a  slight  increase  in  haite,  At  a  controlled 
temperature  of  77  F  Ploxiglau  65  turns  from  colorless  to  dark  yellow  with  increuaea 
absorption  of  gamma  radiation  (cobalt-60),  At  higher  radiation  doses,  polyimithyl 
methacrylate  in  reporlod  to  have  turned  brown, 


Postirradiution  oxiuntion  and  molecular- weight  changes  in  polyinelhyi  metha¬ 
crylate  were  studied  by  Parkinson  and  Hindu?  at  Oak  llidge.  H  /<*•)  They  found,  that  the 
polymer,  irradiated  to  doses  of  7,  3  x  10  !  to  1 .  i  x  10®  ergs  g”  I  (C)  (0.  b  and 
1,4  x  10^  rads),  showed  poatirrMfiation  decreases  in  molecular  weight  after  500  hours 
of  about  0.  2  x  10  ly  scissions  per  grant.  Heating  the  irradiated  polyumthyl  methacrylate 
to  80  C  for  1  to  6  hours  produced  approjei  lately  the  same  number  of  scissions  as  storng.- 
at  room  temperature  for  500  liours.  After  the  material  was  heated  to  80  C,  »>  slow  in¬ 
crease  in  molecular  weight  was  observed.  Shultz  and  co-workers  proved  ‘.hut  air  re¬ 
tards  the  rudiulion- induced  main- chain  ucissiuuu  of  this  polymer.  M) 


When  polymethyl  ninth f  cryl.ite  deteriorates  under  radiation,  the  main  polymer 
chains  are  ruptured,  and  the  side  chains  are  dernmpom-d,  giving  gaaeouu  products. 
These  gaseous  decomposition  products  can  expand  the  material  five  to  ten  times  its 
original  volume.  H90) 


Polymethyl  alphachioro-lc rylatc  (Grafite)  has  been  examined  for  radiatio  resist¬ 
ance  and,  in  general,  its  physical  properties  and  radiation  resistance  were  found  to  be 
no  better  than  those  of  polymetliyl  methacrylate.^*^®)  This  material  has  a  higher  heat- 
distortion  temperature  than  polymetliyl  methai  rylatc  and  is,  therefore,  considered  for 
use  in  aircraft  canopies,  windows,  and  dial  covers. 


Grail  n>  polymerization  in  the  polyethylacrylate-acrylouitrile  system  was  carried 
out  a  L  Osaka  University  using  gamma  irradiation  from  a  13-  curie  cobalt-60  source. 
indications  were  that  the  main  chains  were  broken  by  irradiation  at  the  same  type  poly¬ 
merisation  took  place  and  that  both  block-type  and  graft- type  polymers  coexisted  in  the 
products. 


Polyamides.  Nylon,  tested  in  sheet  form,  roaches  threshold  damage  at  an  ab¬ 
sorbed  dose  of  8.  6  x  10 7  ergs  g"  *  and  45  per  cent  damage  at  4.  7  x  10®  ergs  s.  Its 
tensile  strength  increases  with  radiation,  reaching  45  per  cent  increase  at  Id"  ergs 
g"1  (C).  <69>  In  contrast  tci  this,  the  oriented  polymer,  nylon  fiber,  does  not  show  an 
increase  in  tensile  strength.  At  a  c’.oee  of  8.  5  x  10®  ergs  g~  1  (C)  nylon  fiber  irradiated 
in  air  waa  reported  to  have  lost,  more  than  60  per  cent  of  its  original  strength.  A 

possible  explanation  of  this  behavior  may  be  attributed  to  the  differences  in  the  crystal¬ 
linity  of  nylon  fiber  and  nyion  short.  Another  explanation  may  be  the  effect  of  oxygen  on 
nylon. 


Although  tensile  atrongth  of  nylon  increases  by  45  per  rent  at  a  dose  of  over 
10"  ergo  g"*  (O),  elongation  decreases  very  rapidly,  having  changed  by  45  per  com  at 
approximately  5  x  10®  ergs  g“  *  (C).  Impact  strength  decreases  at  approximately  the 
same  ratio  us  elongation. 

Thu  cron  slinking  of  nylon  when  irradiated  is  not  proportional  to  the  dose,  (401) 
Grosslinking  for  6-6  nylon  interns  to  saturate  at  about  10  per  cent,  indicating  that  chain 
m  ission  plays  an  important,  rolu. 

Little^9)  found  that  nylon,  on  irradiation  in  the  Clinton  reactor  operating  at  full 
power,  evolved  gaseous  hydrogen  at  u  rate  which  decreased  as  the  dose  increased,  and 
low- mol  ocular- weight  compounds  wore  formed  which  could  bo  .extracted. 

Little^  also  found  that  nylon  fiber  rapidly  loses  strength  when  irradiated  in  the 
pretitmeti  of  air.  However,  the  service  life  of  nylon  in  air  cun  be  increased  by  the  use 
of  uutlrads  or  antioxidants.  According  to  I3or»(*®9),  both  qulnone  and  pyrogallol  give  a 
fourfold  extension  in  service  Ilf  of  nylon,  eased  on  the  retention  of  stress- struln  prop¬ 
erties.  Nylon  with  an  age  reals  *r  and  phoiiolhiur.inu  were  practically  us  strong  after 
oxpouu re  lu  1,7  x  Id*  mgs  g-1  (<_')  as  nylon  cord  was  before  Irradiation.  (®9)  The  ir¬ 
radiated  cord  had  an  ultimate  elongation  1.  5  times  as  great.  However,  it  should  be 
noted  that  tests  conducted  by  Goodrich  indicate  that  Dacron  would  probably  be  superior 
to  nylon  su  a  tire  cord  used  in  a  radiation  environment. 

The  struiigih  and  fracture  of  drawn  and  undrawn  nylon  wo.  .  ut  eked  i  >•  Hsiao  and 
co-workers  at  the  University  of  Minnesota.  (404)  from  tensile  studies  the  ultimate 
strength  of  the  undrawn  nylon  decreases  markedly  to  a  minimum  after  a  thermal-neutron 
bombardment  ul  6.  36  x  10^  ergs  g~  I  (C)  (6  x  lOlO  rivt)  au  compared  with  that  of  the 
drawn  nylon.  However,  at  somewhat  higher  levels,  the  ultimate  tensile  stroll,  gth  of  un¬ 
drawn  nylon  increases  while  that  of  drawn  nylon  continues  to  decrease  until  they  approach 
nearly  the  same  level,  Ilot.li  materials  show  a  sharp  drop  when  a  dose  of  10*4  <)t.gS  g-  1 
(C)  (10*  9  nvt)  is  reached.  Nylon  used  in  this  experiment  was  "Tynex"  610  filament. 

Two  nylons,  an  expo rimental  polyamide  (Polymer  A)  and  Nylon  6,  an  Allied 
Perlon  'Type  30  (polymer  13),  were  studied  by  Smith  at  the  Goodrich  Research  Laboratory 
to  determine  their  tenacity  Ion  C")  Table  A-87  shows  the  ratio  of  tenacity  at  a  given 


radiation  exposure  to  the  initial  tenacity.  Pure  Polymer  A  has  exc  ellent  stability  against 
gamma- radiation- induced  tenacity  loss;  however,  the  addition  of  all  additives  resulted  in 
inferior  fibers.  Pure  Polymer  B  was  not  stable  to  radiation,  but  several  additives  re¬ 
sulted  in  fibers  with  improved  radiation  resistance.  The  antirads  used  with  these 
polymers  are  listed  in  Table  A-88. 

A  new  sheet  insulation  made  by  coating  woven  glass  fabrics  with  a  high-molecular- 
weight  polyamide -type  resin  indentified  as  MK  polymer  has  been  developed  by  Du  Punt's 
Newburgh  Research  laboratory.  (^03)  Radiation  effects  on  the  material  were  investi¬ 
gated  by  exposing  thin  aampLco  at  a  dose  rate  of  about  90.  9  ergs  g“  1  (C)  sec"  1  (i  rnegarad 
per  second).  Tests  were  conducted  both  at  room  temperature  and  at  200  C.  The  results 
of  these  tests  are  shown  in  Figures  If*  and  17.  These  graphs  represent  permanent  radia¬ 
tion  effects. 


Polyvinyl  Chloride-  Acetate.  Polyvinyl  chloride- acetate  behaves  similarly  to 
Saran  when  irradiated.  The  damage  threshold  is  reached  at  1.4  x  108  ergs  g-  1  (C),  arid 
25  per  cent  damage  occurs  at  2,  8  x  10®  ergo  g"  1  (C).  It  turns  black  after  a  very  short 
period  of  irradiation.  It  softens  even  before  showing  any  appreciable  darkening,  arul 
elongation  increases  will  be  over  500  per  cent  before  a  dose  of  5  x  10®  ergs  tT  *  has  been 

reached.  090) 


Polyfor maldehydo.  Duirin  acetal  resin,  a  polyformaldahydu,  was  found  to  have 
extremely  poor  radiation  stability,  even  at  tho  relatively  low  dose  of  4.4  x  10®  ergs  g”  1 
(C)  (!>  y  l()6  roentgens).  lliirrington  suspects  that  degradation  is  due  to  chain 

cleavage. 


Pol  /propylene.  Polypropylene  iu  chemically  similar  to  polyethylene  in  Unit  it  is 
so  aliphatic  hydrocarbon  polymer.  It  differs  from  polyethylene  in  Unit  every  other  car¬ 
bon  atom  hub  a  methyl  group  attached.  For  UiIh  reason  tho  polymer  will  not  crystallize 
unless  thu  segments  of  the  chain  form  a  repetitive  geometric  pattern.  Such  a  pattern 
exists  in  the  so-called  "iuotactic"  polymer. 

Polypropylene  lias  boon  examined  for  radiation  stability  and  found  to  be  inferior  to 
polyethylene.  At  an  exposure  do  be  where  polyeUiytune  haw  degraded  by  25  per  cent, 
polypropylene  has  become  useless.  Even  at  room  temperature  and  a  low  relative  hu¬ 
midity,  it  la  loo  brittle  after  irradiation  for  use  as  electrical  insulation,  (®1)  At  an  ex¬ 
posure  dose  of  8.  7  x  11)9  ergs  g-  1  (C),  it  has  become  brittle  and  lost  all  of  its  olongution 
and  most  of  its  tensile  strength.  Between  2,  6  x  10*0  and  II.  7  x  1010  ergs  g“  1  (C), 

it  becomes  increasingly  softer  and  more  flexible  It  has  been  suggested  that,  at  the 
high  exposure  dose,  some  of  the  polypropylene  chains  have  become  low  in  molecular 
weight  due  to  chain  cleavage  and  that  the  low-molecular- weight  material  plasticized  the 
remainder  of  tho  polymer. 

Electron  crosslink ing  of  polypropylene  and  high-density  polyethylene  was  studied 
by  F.  G.  Waddington^04),  who  noted  no  significant  variation  in  G- value  with  density  of 
polyethylene  (see  1'able  74)  after  a  dose  of  9.  09  x  1C)9  ergs  g- 1  (C)  (100  megarads).  He 
did  observe,  however,  an  indication  that  c  rosslinking  proceeds  slightly  more  efficiently 
at  higher  densities.  The  c ros slinking  efficiencies  between  Polypropylene  A  and  B  show 
a  marked  difference.  The  structure  oi  polypropylene  B  is  not  known  but  that  of  A  iu 
believed  to  be  mainly  an  isotnetii  f 
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FIGURE  N>.  DISSIPATION  FACTOR  OF  MK  POLYAMIDE -COATED  GLASS  FABRIC 
VERSUS  RADIATION  EXPOSURE  AT  ROOM  TEMPERATURE  AND  AT 

,<00  cW*) 


Exposure  ct  Room  Temptroture.magorodxtorgi 

t-tiiin 


FIGURE  IV.  ELECTRIC  STRENGTH  VERSUS  RADIATION  DOSE  FOR  MK 
POLYAMIDE-COATED  GLASS  FABRtoC-°3) 
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TABLE  74,  VARIATION  IN  G- VALUE  WITH  DENSITY 

OF  polyethylene^204) 


Material 

Density, 
g  cm"  3 

G- 

Values 

F rom  Swelling 
Data 

From  Elasticity 
Data 

Alkai.hene  G2 

0.  93 

2.  4 

2.  3 

Alkathene  H.  D. 

0.  94 

2.  3 

2.  3 

llo stolen  H.  D. 

0.  96 

2.  7 

2.  4 

Marlcx  50 

0.  97 

2.  4 

2.  4 

Polypropylene  A 

0.  90 

1.  3 

0.  9 

Polypropylene  B 

0.  90 

0.  7 

0.  6 

Epstein(20^}  irradiated  commercially  available  polypropylene  and  determined  its 
mechanical  and  electrical  properties  after  irradiation.  These  are  shown  in  Table  75 
and  76,  respectively.  Up  to  1.  76  x  10^  ergs  g“  *  (C)  (17.6  megarads)  there  is  a  slight 
increase  in  stiffness,  some  loss  in  impact  strength,  and  considerable  reduction  in  duc  ¬ 
tility.  Since  tho  latter  is  rarely  an  important  factor  in  applications,  it  is  reasonable  to 
recommend  polypropylene  for  radiation  exposures  up  to  10*)  ergs  g~  1  (C)  (10?  radii). 

□  eyond  this,  the  material  becomes  weak  and  brittle.  The  crazing  ubservod  at 
5.  3  x  H)7  urgu  g"  ^  (C)  (52.8  megarads)  is  probably  dun,  not  to  density  changes  which 
are  very  slight,  but  rather  to  thermal  stresses  iron,  the  molding  process  and  the 
general  weakening  irradiation. 


TABLE  76.  MECHANICAL  PROPERTIES  OF  IRRADIATED  POLYPROPYLENE 


Dose. 

«  1  (d) 

Muds 

Tensile 

Sttengtli, 

_ P*f _ 

Klixigation, 

per  ftiiu 

p»7-o.f.  iTicii 

Flexural  StteiiRili 

Max  cil  Mxx  Deflection,  Incli 

1  MljWI  Cl 

Slmiglli, 

fl-lb/lli. 

0 

0 

41140 

>600 

4460 

4H30 

0.H3 

0. 700 

i>.  ao  x  :oH 

6.  MU 

4420 

300 

4630 

4020 

0.71 

0.  034 

1.  7(1  x  lO11 

17.8 

4400 

<10 

4BB0 

6160 

0,  H7 

0,  HOI 

6.3  x  lo” 

62,rf*> 

1740 

<5 

railed 

300 

0,  026 

0.101 

(*)  .Suiiiplei  vlubly  crazed. 


TABLE  70.  iLECTRICAL  PROPERTIES  OF  IRRADIATED  POLYPROPYLENE 


Electrical 


Poic, 

Strength, 

Dielectric  Constant 

Puwer  Patriot 

'■fg?  g‘‘  (C) 

M  rails 

volts  mil' 1 

100C 

10  Kc 

1  Megacycle 

100  C 

10  Kc 

l  Megacycle 

0 

.» ,f<l/  x  10H 

0 

488 

2.30 

2.30 

2,20 

.0020 

.0020 

.  0014 

.')*  81) 

.*)  OH 

2.31 

'/.,3V 

2.20 

.0014 

.0020 

.0014 

1.76  x  1C;| 

17.0 

480 

2,3l 

3.30 

2,29 

.0010 

.0017 

.0014 

6.3  X  ICl1’ 

6?.  pH) 

434 

2.30 

2.30 

2.29 

.0010 

.0013 

.  00 14 

(»)  Samples  viilhl)  i  idzctl. 
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It  is  significant  that  the  early  dose  range,  in  which  there  appears  to  be  a  sharp 
drop  in  molecular  weight,  does  not  correspond  to  a  sharp  drop  in  mechanical  properties. 
This  supports  the  view  that  the  mechanical  properties  are  not  strongly  dependent  on  tho 
molecular  weight  but  rcither  on  the  molecular  linearity  and  the  attendant  crystallinity. 
Accordingly,  it  does  not  appear  feasible  to  improve  the  radiation  resistance  of 
polypropylene  significantly  by  elimination  of  the  "radiation  weak  links"  which  were  sug« 
gested  by  analysis  of  viscosity  data. 

From  the  results  of  the  electrical  tests  it  is  clear  that  the  electrical  properties  are 
unaffected  by  any  of  the  radiation  dosages  to  which  they  were  subjected,  and  that  the  ma¬ 
terial  is  limited  in  its  application  by  mechanical  damage. 

Polypropylene,  subjected  to  increasing  gamma  irradiation  of  the  order  of  101?  to 
3,  5  x  10*0  ergs  g~  *  (C),  softened  inetead  <, .  progressively  hardening  with  the  increase  in 
radiation  dosage.  Grace  and  co-workers  at  Burke  Research  Company  in  Michigan 

noted  that  the  inclusion  of  carbon  black  or  a  diene  partially  overcame  the  softening 
effect. 

9  7 

herrington  exposed  a  sample  of  propylene  to  1.9  x  10  ergs  ,  ,'•'*)  (2.  2  x  10' 

roentgens)  and  found  that  if  underwent  severe  damage.  0?7)  It  but.  •?  Ittlo,  lost  all 
of  Its  elongation,  waa  .discolored,  and  lost  a  significant  amount  of  its  tensile  strength. 

The  aurfaco  of  the  material  became  quite  oily  at  the  higher  dose  of  8.8  x  10 ergs  g“  * 

(C)  (lx  10^  roentgens). 


EFFECT  OF  RADIATION  ON  SPECIFIC 


PHYSICAL  PROPER  TILS  OF  PLASTICS 


It  Lv  possible  that  a  plastic  will  be  satisfactory  lor  a  given  application  even  though 
the  material  has  deteriorated  in  "nomjsaenl.iul"  physical  properties.  Therefore,  to 
determine  which  plastic  will  give  the  best  radiation  resistance  for  u  particular  applica¬ 
tion,  it  is  necessary  to  know  tho  doses  of  radiation  which  will  change  tho  various  prop¬ 
erties  of  (he  polymers.  The  effects  of  radiation  on  tonailo  strength,  elongation,  elastic 
modulus,  shear  strength,  and  Impact  strength  of  plastics  ure  compurud  fur  various  ma¬ 
terials  hi  tho  following  sections.  The  rudiatlon  doses  necessary  for  threshold,  23  per 
cunt,  and  30  per  cent  change  nre  shown  in  Figures  D- >  through  U-5  in  Appendix  D. 

It  must  bo  remembered,  however,  that  these  results  do  not  tuke  into  consideration 
methods  which  may  bo  used  to  improve  tho  radiation  resistance  of  polymers,  such  as 
the  addition  of  mineral  fillers,  anlirads,  or  scintillators.  Tho  various  testa  used  to 
determine  these  properties  are  primarily  static-typo  tests  carried  out  after  irradiation, 
whereas  Lh«  materials  will  bo  used  under  dynamic  conditions  in  many  cases.  Alsu, 
these  radiation  studies  have  not  taken  into  consideration  other  environmental  conditions 
which,  when  combined  with  a  radiation  environment,  may  considerably  alter  the  usotul- 
ness  of  the  material  being  studied.  Therefore,  materials  chosen  for  a  specific  purpose 
will  have  to  be  tested  further  under  simulated  or  actual  operating  conditions. 


T enu ilc  Strength 


Plastics  showing  the  greatest  stability  with  respect  to  tensile  strength  are  poly¬ 
styrene,  asbestos- filled  plniiol.ics  furnne  resin,  and  polyvinyl  carbaxole.  They  show 


practically  no  change  to  10  ergs  g~  *  (C),  Nylon  and  graphite- filled  phenolic:  s  show  an 
increase  in  tensile  strength.  Polyethylene,  after  first  increasing  in  tensile  strength, 
shows  a  decrease  of  25  per  cent  at  lO1^  ergs  g  -  1  (C),  Nylon,  mineral- filled  polyester, 
aniline  formaldehyde,  and  polyvinyl  chloride  are  changed  by  less  than  25  per  cent  in 
tensile  strength  at.  10**  ergs  g"  1  (C).  An  epoxy-glass  fabric  (Epon  828  resin)  showed 
good  stability,  hut  was  not  tested  beyond  10**  ergs  g”  *  (C).  (**** 


Elongation 


Rigid  plastics  have  very  low  initial  elongations,  in  most,  cases  amounting  to  less 
than  2  per  cent.  Irradiation  has  little  effect  on  this  property  of  most  rigid  plastics. 
Those  plastics  which  do  not  appreciably  change  at  10**  orgs  g“  1  (C)  include  furanc  resin, 
aniline  formaldehyde,  phenolic  resin  with  asbestos  and  with  asbestos-fabric  laminate, 
polyester  with  mineral  filler,  polystyrene,  polyttiyi run  with  white  pigment  tiller,  and 
polyvinyl  earbaisolo. 

Of  thor.e  plastice  having  an  initial  elongation  of  over  200  per  cent,  polyvinyl  chlo¬ 
ride  was  the  most  stable  to  radiation.  Elongation  is  unaffected  to  10f^  ergs  g"  *  (C)  rind 
decreases  by  25  per  cent  at  a  dose  of  10***  ergs  g"  *  (C.) ,  Tofion  is  the  plastic  most 
suaceptiblo  to  damago  with  respect  to  elongation. 


Elastic  Modulus 


Plastic  materials  showing  the  greatest  radiation  stability  with  respect  to  elastic 
modulus  include  anlllr.e  formaldehyde,  melamine  formaldehyde  with  cellulose  filler, 
polyethylene,  luruau  resin,  phenolic  rosin  v'ith  asbestos  fiber  or  unbeaten  fabric, 
phenolic  resin  with  graphite  filler,  polyester  with  mineral  filler,  polystyrene,  poly¬ 
styrene  with  black  or  white  pigment  filler,  and  polyvinyl  carbanole.  Polyethylene  and 
polystyrene  with  black  pigment  filler  have  increasing  elastic  modulus  values,  while 
melamine  formaldehyde  and  mineral-filled  polyester  have  decreasing  values.  The  ether 
materials,  furanc  re«in,  phenolic  resin  with  asbestos  fiber  or  fabric,  phenolic  resin 
with  asbestos,  polystyrene,  polystyrene  with  white  pigment  tiller,  and  polyvinyl  enrba 
solo  do  not  change  m  value  after  having  received  almost  10  *^  ergs  g”  *  (C). 


Shear  Strength 


Polymers  having  the  least  change  in  shear  strength  when  irradiated  include  ani¬ 
line  formaldehyde,  phenolic  resin  with  asbestos  fiber  or  graphite,  nylon,  mineral- filled 
polyester,  ally!  rllglycoi  carbonate,  polystyrene,  polystyrene  with  black  or  white  pig¬ 
ment  filler,  and  polyvinyl  carbastolei,  Phenolic  resin  filled  with  graphite  and  polystyrene 
increase  in  shear  strength.  The  shear  strength  of  nylon  increases  initially  but  decreases 
with  increased  doses  of  radiation.  Aiiiine  formaldehyde,  mineral-fill ed  polyester,  and 
ally!  diglycol  carbonate  decrease  m  shear  strength.  The  shear  strength  of  asbestos- 
fiber- filled  phenolic  resin,  black  and  white  pigmented  polysty re"  -  tncl  polyvinyl  c  ar- 
bazole  does  change  appreciably  with  doses  of  almost  10*^  ergs  g”  1  (C), 


176 


Impact  Strength 


Melamine  formaldehyde  with  cellulose  filler,  furane  resin,  phenolic  resin  with 
asbestos  or  graphite  filler,  mineral-filled  polyesters,  allyl  diglycol  carbonate,  poly¬ 
styrene,  polystyrene  with  white  pigment  filler,  polyvinyl  carbazole,  and  vinyl  chloridc- 
acctate  show  good  radiation  stability  with  respect  to  impact  strength.  Me1  amine  form¬ 
aldehyde,  mineral-filled  polyester,  and  allyl  diglynol  carbonate  decrease  in  impact 
Bliength,  while  the  others  do  not  change.  Vinyl  chloride- acetate  does  no*  change  in  im¬ 
pact  strength  to  4.  4  x  10*1  ergs  g“  *  (C),  the  maximum  dose  to  which  it  was  exposed, 
although  it  is  one  of  the  polymers  whose  over-all  radiation  stability  is  poor. 
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TABLE  A  6-  El  TECT  Qt  7S  T  IRkA'MaTIOM  ON  TENSILE  SHfcxK  STRENGTH.  BEND  STRENGTH 
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TABLE  A-7.  EFFECT  Of  BETA  AND  GAMMA  IRRADIATION  ON  TENSILE -SMEAR.  STRENGTH  OP  PM-47  ADHESIVE <‘1!) 


Adhesive 

Radiation 

Source 

Radiation  Dote 
tep  x  10"7  ergs  g“^  (C) 

Average 

Shear  Strength,  ptl 

<V(°),  psl 

o/<s/>>) 

Per  Cent  or 
Otlglnal 

Failure,  Estimated 
Per  Cent  Adhesive 

FM-47 

Rcta<r* d) 

0 

0 

4V.'*0 

(U.t), 

0,  0074 

100 

100 

10 

S.4  x  108 

44K0 

.'■0.  0 

o.  on 

104.7 

100 

01 

2.6  x  lO1* 

uSC-0 

(tfl.7 

0. 0002 

98.8 

100 

Ul 

U.tt  x  10° 

moo 

no.  2 

o.  Ml 

(IB 

100 

(jaiuiua 

0 

0 

on  uo 

mo 

0.  042 

100 

100 

7,2  x  10» 

1:700 

V»V!0 

0,  0M» 

’O'l 

100 

81 

II.  11  x  108 

in  no 

104 

0.  Ofill 

40 

100 

(«)  ~  ■  tumeuirJ  standard  deviation  of  (lie  gteinp,  computed  •cc.onlllig  to  the  equations 


wlicte 


n  »  nrniglh  Kilt  value  of  panlunlat  specimen 

1!  ■  arithmetical  average  "I  tin*  live  ipocimi  in  diidergoliig  »  particular  ten 
N  "  llUllllier  ul  specimens  In  the  gttmp, 

(b)  (ll)  ■  average  (hear  strength,  pal, 

ft!)  Lap-shear  specimens  'coin  HO'inl)  2024-  I  :t  uhiinlimm  boinled  to  fill  mill  irrudlaieJ  lliruiigli  UO— mil  ilrlpi  <!  0  -  •  ■  1 1 1  ttrljm 
reinforced  with  Ell"  .ill  «irl|ii  prior  to  hreaUng. 

(d)  l/4-lncll  lap  Imtead  of  normal  1/2-liich  lap. 
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TABLE  A-8.  EFFECT  OF  75  F  IRRADIATION  ON  TENSILE-SHEAK  STRENGTH.  BEND 
STRENGTH.  AND  FATIGUE  RESISTANCE  OF  CYCLEWELD  55  9  ADHESIVE 
(VINYL-PHENOLIC)  TESTED  AT  75,  160,  AND  300  pCO) 


Tmsiip-iJieai  M<cngt>, 


IpnpfMii-ie, 

Radiiiicn  Dose 
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/ •.  n*'* 

i;so 

91? 

a  .>< 

!(>?« 

II?' 

?H 

i  m,fl 

!?50 

'•0? 

M  41 

tot 

()  4A 

lO/.b 
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TABLE  A-9.  EFFECT  Of  RADIATION*14)  ON  TENSILE-SHEAR  STRENGTH  OF  M EXCEL  422J<ai> 


_ _  Teatlle-Shear  Strength,  pit 

ContiolTXf? _ _ Iniadlined  (XQ 


Temperature,  f 

Max. 

Min. 

Mean 

Max. 

Mlii. 

Mean 

(Xi-Xda  P'» 

interpretation 

3’324-T3  Clad 

to  '2024' 

■T'l  clad  Aluminum 

Room  temperature 

2951 

2613 

2872 

3001 

2740 

263  t  60S 

No  change 

2G0 

2494 

2144 

2323 

3300 

2288 

2392 

0  »  604 

No  change 

1078' 

•Tfl  Unclad  to  7076' 

•Tfl  Unclad 

Aluminum 

Hoorn  temperature 

2788 

2023 

2871 

3938 

2408 

2707 

UC  <  694 

No  change 

20(i 

2641 

2178 

2387 

2437 

21C2 

2274 

-123 i  023 

No  changt 

Maititeiluin  to  Magnerlum 

Room  temperature 

11148 

1267 

1310 

13  UR 

1084 

1220 

-1)0  It  34 1 

Nr.  change 

UCII 

1329 

1 1 21) 

1208 

1302 

1 172 

1262 

44  t  314 

Nu  change 

I  luiiMmmunlon  Lui.-Micait  Tent 

21844; 

_l  J_Clad_ii> 

2024  *'13  CUd  Aluminum 

lmui_CMluij_  Multi 

3  per  cent  tali  water 

2782 

2400 

2601 

2702 

mao 

2670 

■10 i  014 

No  change 

l  ip  water 

2040 

2380 

2648 

2900 

2346 

2577 

20  i  «*)'.! 

No  change 

Ami-lolng  fluid 

III  10 

2BHO 

2736 

1.004 

2402 

2716 

-20  *  111 

No  change 

Hydraulic  dll 

2962 

2830 

•2721 

2910 

22H0 

2023 

-08  t  707 

No  t.  hangn 

Jl’  4  fuel 

2100 

2400 

•2017 

20'23 

2670 

2701 

111  1  030 

No  change 

llydrouaibon  Type  III  fuel 

2088 

231*2 

2538 

3000 

227 U 

2721 

180  t  Into 

No  change 

(a)  Irradiated  in  Air  to  2.4  *  109  ergi  g"1  (t.J  (0  x  11*14  mvt,  It  x  1 0 •  H  liivi,  and  I.  x  111***  gaiiinMi'/t'lli*-'). 
(h)  F  »  pruoliioii  at  86  pm  cent  Confidence  Interval . 
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TABLE  A- 10.  EFFECT  OF  75  F  IRRADIATION  ON  TENSILE-SHEAR  STRENGTH,  BEND 
STKfcNGTH,  AND  FATIGUE  RESISTANCE  OF  CYCLEwELD  C  A  ADHESIVE 
(MODIFIED  NYLON-PHENOLIC!  TESTED  aT  75.  180,  AND  760  F<10> 

lens  !i,‘S*:r.n  Slimr:- 


i; 
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*o<r  ifrinciaiuie 

it 

31cu 

4!‘J 

n  ii| 

4lin 

0.31 

14 

f-?>  liy 

?'80 

305 

0.10 

334 

0.11 

35 

:.l .  10  u 

?0oo 

354 

0.1 3 

356 

0,19 

;w 

i.ii  :;|,J 

3510 

843 

0.34 

■JO 

0.36 

m 

?Pb 

0.0? 

?v 

0.0b 

IfcO 

II. 1 

5.3  i  !09 

Soli 

104 

0.1? 

116 

0.13 

35 

;.i .  ic,1'' 

ki 

156 

0.33 

134 

0.35 

ICE 

5.3 1 

330 

35 

0.?« 

£6 

0.33 

?60 

10.) 

5.3  »  IC9 

IOC 

9t 

0.34 

103 

0.3! 

440 

41 

0.09 

V 

0.11 

36 

3.1 1  101(i 

17C 

(1 

0.34 

46 

0.33 

IX 

13  i  I0if! 

SO 

34 

0  40 

33 

0.45 

Bene  Slim£iN 


Tewpcialuic. 

Radiation  Dose 

"il  1 

llcr.d  Shensi:. 

r 

i  «  10"' 

eigs  ‘Ci 

Ui 

lb 

e»  lb 

41  ll^ 

Hoo-"  Impeialme 

0 

0  . 

194 

13.1 

0.03 

14.3 

O.On 

10.) 

13 1  10* 

3.! »  10 \a 
9.2  »  1010 

16? 

38.6 

0.1) 

33.3 

0.19 

35.5 

»66 

36.1 

0.16 

39.3 

0.16 

106 

151 

43.3 

0.38 

43.3 

0.31 

180 

10.) 

13  HO9 

166 

14.1 

C.CB 

15.8 

0.10 

38 

3.4  1 10  0 
3.)  1 1010 

111 

31.0 

0.34 

34.) 

0.76 

86 

44 

3.3 

0.16 

8.0 

C.  12 

T60 

10.3 

9.3  i  lu9 

3.1 1  10  W 

93 

15.9 

0.16 

13.8 

0.18 

35 

35 

11.3 

0.38 

14.8 

0.47 

106 

9.3  «  10!" 

13 

4.4 

D.34 

5.0 

0.38 

Fatigue  Sliength  * 

Tempeialuie. 

Radiation  Dose 

-  .... 

-  :*■ 

-  Load. 

r 

ii  10-' 

«t*f  (C)  psi  Cycles  i  10"'  Type  ol  Failuie 

Room  tempeijluie 

0 

0 

1330 

13 

Adhesive 

1600 

F ailed  uvtiile  loading 

1066 

656 

Adhesive 

800 

10,000 

None 

11.1 

9. 3 1  109 

933 

10.000 

None 

106 

9.?H0iC  1066 

333 

Adhesive 

800 

83)4 

Adhesive 

933 

3889 

Adhesive 

1333 

146 

Adhesive 

933 

43(3 

Adhesive 

Ul  ii  standaid  deviation  ol  Bit  gioup.  computed  accwomj  to  Bit  eoualion:  <( 

***'*  i  -  Mims*'  lest  value  ol  pailiculai  specimen 

■  -  anBimelical  aveiaje  ol  me  live  specimens  undeitowg  a  pailiculai  test 
H  -  numhei  ol  specimens  in  |he  tiuup. 
ibl  iJl-  sneai  sliength,  psi. 


:ci  >i  -  standaid  deviation  coiietled  to  account  loi  Die  small  numhei  ul  spei  miens  in  each  ,vou|'.  uimiaiteii  iiy  means  ol  |he  lelation: 


m i  in  cases  «neie  one  ol  ine  live  lest  values  uevialcd  eicessivcly  lio"-  the  aveiapc,  il  «as  distaioeo  Hie  aciuslec  sliength  is  the  a.eiage  ».lti 
the  eitieme  vilue  disc aided 
ic i  i T  i  adiusied  sneai  slim, -in. 
ill  i IN-  Pend  stiength.  il 


All 


TABLE  A-ll.  FTFECT  OF  HIGH-VELOCITY  EUiCTKON  IRRADIATION  ON  SHEAR  STRENGTH, 
PER  CENT  FLOW,  AMD  VOLATILES  FORMATION  OF  EPOXY  ADHESIVES, 

WITH  AND  WITHOUT  CALCIUM  CARBONATE  FILLEK<34) 


Total 

Quantity  of 
Radiation, 

Radiation  Alnorbed 

Approximate 

Equivalent 

Shear 

Sueugtlt(*) 

Flow  Under 
Load(b), 

watt-»ec/crn2 

megatep  erg*  g"1 

Radiation,  n/cm2 

p»l 

per  corn 

Volatile*!0! 

Spun  B88.  UnfUtodW 

0 

0 

0 

0 

8200 

7 

None 

91 

10 

8,0  X  J.«8 

1  X  101® 

6300 

0 

None 

201 

30 

2.3  X  10® 

11  x  1()S8 

8000 

8 

None 

070 

190 

8.C X  10® 

1  X  1017 

8300 

0 

None 

2010 

300 

2.8  x  10 10 

3  X  1017 

4200 

10 

None 

0700 

1000 

8.6  x  1010 

1  x  10AS 

2700 

18 

None 

F-ll  (Epon  828,  Calcium  Catboiuie  Filler)!®) 

0 

0 

0  0 

3*1)0 

0 

Norm 

07 

10 

8.6  X  1118  1  X  10lfl 

30011 

I 

None 

1101 

30 

2,6  X  10y  3xl0lfl 

noon 

44 

None 

070 

l(X) 

8.6  x  10s  IxlO17 

aaoo 

0 

Noun 

n  **“  - 

aa  afaa  w 

300 

2.6  xio10  3  x  io17 

3800 

7 

None 

U7CI0 

lOuQ 

b.axio10  i  *  io>H 

3300 

10 

1  i«ou 

Atmntong  A -11, 

imniMiKO 

0 

0 

0 

0 

4800 

12 

Might 

07 

10 

8,5  X  10s 

1  x  101® 

7700 

1C 

Moderate 

lioi 

30 

2.5  x  10'1 

3  x  10I® 

0500 

4 

Heavy 

(170 

101) 

8,0  X  10° 

1  X  loll 

8700 

6 

Heavy 

8910 

300 

2,6  X  I010 

3  x  IO17 

6800 

Ifi 

Heavy 

0700 

_ 

1000 

8.5 x  10 10 

1  x  101U 

. 

2000 

no 

_ 

Heavy 

Footnote*  appear  on  the  following  page 


Footnotes  for  Table  A-  1 1 . 


(a)  Preparation  of  Samples  and  Procedure: 

-  i )  Prepare  a  x  1  x  l/32-lncti  2024-T3  Aluminum  strips  by  Immersing  for  10  minutes  at  1(10  F  in  a  solution  of  340  parts  by 
weight  water,  SO  parts  sulfuric  acid,  and  10  parts  sodium  'Iclironiatr.  Rinse  for  IS  minutes  In  running  tap  witter,  dip 
in  methyl  alcohol,  and  air  ii} . 

(2)  Prepare  shear  samples  by  bonding  1/4  x  1/4-inch  overlap  sections.  Ovett  cut  as  Indicated  under  a  load  of  1  kilogram. 
Pull  specimens  apart  In  shear  on  Model  1.-15  Scott  Tester  witlt  a  draw  separation  speed  of  1  Inch  per  minute.  The 
figures  given  are  die  average  of  six  samples. 

(b)  Preparation  of  samples 

Coat  clean  3  x  1/4  x  1/32-inch  2024-T3  aluminum  strips  for  onc-halt  then  length  by  dipping  or  Brushing  and  cure. 

Place  the  droplet  end  of  the  strip  under  a  compression  of  lii  pounds  In  an  oven  At  2f>0  P  fot  24  hr.  Calculate  t lie 
flow  as  follows: 

ftroro.Ase  In  droplet  size  x  100 

Plow  *>  ""' . .  —  -  - - - - - «-*-> - -  — . . . .  • 

Initial  thickness  of  droplet  and  strip  -  dsicltiitsts  of  slrip 

Each  value  Uttcd  Is  die  average  flow  of  two  samples. 

(c)  Prepare  strips  as  above.  Gcal  In  glass  tuboi  under  1  atmosphere  of  helium  suit!  sloie  in  an  air  uvtu  at  260  P  for  10  days. 
Remove  and  observe  fur  any  materials  on  die  sides  of  the  tubei  this  Is  assumed  to  be  condensed  volatile  material  ftotn 
tit*  resin  tested. 

(d)  Composition  by  Welghti  (e)  Compusltlon  of  p-li  by  Weight!  (f)  Composition  by  Welghti 


Epon  023  100 

Epon  820 

100 

Arnutiong  A-o  100 

Piperidine  1.6 

l.csamite  (CaCOj) 

20(1 

Activator  k  B 

Piperidine 

10 

Corel  Oven  cure  2  hr  at  '.1(10  F 

Curet  8  In  at  212  F 

Curei  Oven  cum  lor 

plus  (1  hr  at  212  F 

plus  40  hr  At  300  F 

2  In  (tt  200  I' 

TABLE  A -12.  lii'PBCT  Of  RADIATION  ON  TBNSH  8-SHKAR  STRENGTH 
Of  EPOXY  ADHESIVE,  EPON  VI<»'  hMMR) 


G*nim»  Exposure  Dose, 

Number  of 

Tenille-iilieor  Stremilh,  ml 

•'e*  *■*(«) 

Specimen! 

Reiltfe 

Averege 

Noma 

HI 

3070  •  3IM0 

mi 

fl.4  x  10* 

a 

3200  •  307b 

3023 

J.7  x  tU10 

,7 

2710  •  3010 

2H70 

(*)  Hidiaiiuii  expojuic  mill  iIimi  i«>u  r.umJm  ini  m  mnblum  leinpAikiu.vt, 
(b)  (Jiiibi  MOO  P,  WO  min,  10  pit, 
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TA6L£  A-13.  EFFETE  OF  75  F  IRRADIATION  ON  TENSILE-SHEAR  STRENGTH,  BEND  STRENGTH, 
AND  FATIGUE  RESISTANCE  OF  EFON  VIII  (EPOXY)  TESTED  AV  75,  180,  AND 

250  f  <  10,  32) 


Tensile- Shear  Sliength 


T-mo:iatuie1 

F 

u»i 

t  »  10'  ? 

isihon  QciSp 

pi?s  r‘«c. 

Sheaf  SUen^lh. 

P5I 

OS* 

o  iSi,bl 

Oil 

,1  iS/*1 

Room  lompeialufe 

c 

t 

3430 

91 

0.03 

103 

0.03 

fc.S.ld’ 

3490 

\ii 

0.03 

13/ 

0.34 

?i 

?.l  *  1C*J 

3130 

1?9 

0.04 

ill 

0.05 

n 

6  4  i  I0,C 

2750 

?00 

0.09 

??4 

0)0 

IM 

6.6 

5.1.10’ 

3280 

298 

0.09 

333 

0.10 

?5 

??»  I0,c 

31/0 

?1? 

0.0/ 

?3/ 

no; 

.  63 

5.5  .  10  y 

1/80 

155 

0.Q9 

1/3 

O.lu 

?60 

M 

13f>0 

140 

0.10 

15/ 

0.1? 

in 

1.7«  IftJ® 

9KO 

14b 

O.b 

16? 

r*.  if* 

18 

i.  e « l')"1 

440 

3? 

0.0/ 

16 

0.08 

TinpeittiHP 

F 

f?4<>r«l|  liin  |lmt 

i  *  Jfl“^  enug  ’  ^sCi 

l^lll  Slipnj|(h 

Bvu  $|i viiv>lii. 

Mi 

i*» 

Mi  ' 

ti  i  H»<0) 

/A*. 

it 

iMbf* 

Kw*  Iffmpfriluii 

0 

0  , 

166 

11./ 

0.0/ 

13.1 

0  04. 

i.h 

M.  a  w 

1*0 

n  f 

0  09 

15  1 

0.10 

j*4 

i.\ «  id;" 

HI 

ii. n 

0.08 

1?  1 

0.(19 

6!i 

5.1.  I0,n 

11/ 

u 

0.04 

4  8 

0.04 

mu 

1  h 

“  *  »’ 

>i‘ 

107 

0  06 

11.4 

0  0/ 

is 

)./ 1  10  0 
k  i  •  I0I(I 

)// 

127 

00) 

If  / 

O.OH 

a 

!M 

/V 

(»U& 

8  8 

6  IK 

?f0 

/6 

(,fc  .  in’ 

W 

/  1 

0  (1/ 

8  (I 

«  0*j 

JO 

1  1  «  10  " 

6  H  « 

*«» 

6  1 

IH7 

U« 

if  (W 

/b 

48 

4  4 

o  (r 

!i  il 

(1 10 

l  4l»|UI*  S|M1)|E|b 


t  H.iOmUmi  Ooie 

! 

IrM'fMiinp, 

1  n  If). 

Cvilpii 

/pH*  "1 

1  r  1  III  1  HR*  A"  1  II:  i 

l'9» 

.  in  i 

I'aiMiip 

Mmi'»  Ip  '|iH4tuie  (1  ( 

ii 

»7) 

ii 

IOU'i 

Ai.iifsivr 

l«/'i 

91BH 

ArjnrsivP 

1*05 

fl'WMS 

(  «  Ul  I#' 

I'.*'. 

m 

AiV.MtP 

1515 

IS  II, 

M.ruvf 

14-lb 

IW. 

A»V.pMvf 

IM 

14  (Nil) 

Mievve 

n  1. 1,  .ii'111 

|(i«S 

1!./ 

AiPifSivp 

IMS 

I5IU* 

AllfilSlyl- 

1405 

118) 

AHhi'vivi1 

MOS 

1*  (if*) 

Milili1 

l/».s 

II .»'(« 

fi  -.v*  VIM  f‘v«-  «(  *i  r™i|. .  fi  ji.nl  »uip  mi  1 

r.i  m  lojui 

*  (.sori.tir  i!r/<  'I'm  -il  6*1-  j»'-h,  .  .  l  ,  ^|rd  iffKi’i:',  |..  |iii<  (■  |u,i|.:  n 

Al  rl1  i  s||p-i,i'i  If^l  «  i!u  *1 J -tf|*4  :«*  Si  s;f  f . -f.: 

i  •!•(-«  7  I  p  ?>>(■  '.j  p<  i  r*A  .■'i«>i|»inp  .i  ;• 

'••“Ms  il'f  »?'-  ,  5.' 

.»»|H  1<‘  •  |P*,| 

V 

!* 

|i«.-  |  Hr  n|  !  «  |**f*  *.  i"  ii  '.(•(  1 

r- 

III  ■  •.  . 

J.lr  ;  :  ••  r  ,i: 

H  '  JT.S*  '-tlC  )»' 
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TABLE  A!S.  EFFECT  OF  75  F  IRRADIATION  ON  TENSILr  SHEAR  STRENGTH,  BEND  STRENGTH, 
AND  FATIGUE  RESISTANCE  OF  CVCL  E1PELD  C  U  ADHESIVE  (EPOXY)  TESTED 
AT  75,  180,  AND  760  F<>°! 


Thu«Ip  Shp,v  Slipn^ih 


Temperature. 

Rivliatipn  Do?.? 

Shear 

Stlcfyft. 

„(a) 

F 

1 1  10  ' 

«ssg"'(r  i 

an 

pti 

RftOfl  temperature 

0 

ii 

??IC 

56? 

10.7 

9.3  ■  Id5 

?46fi 

455 

33 

7.9  *  1C10 

7490 

05 1 

171 

1.1  <  I0M 

no 

04 

IRA 

87 

8  •  It'9 

ito 

SO 

33 

7.9  i  It10 

100 

?i 

171 

1  1  ■  1C11 

4S 

K 

m 

10.7 

9.3 «  1C11 

;o 

34 

78 

» s « ic 10 

to 

30 

1(1 

1  1  «  ID11 

70 

0 

Adjusted 

Sh*at 


5trenfrth^\ 

a , 

n . 

/|5j(M 

PSl 

pti 

P<» 

PH 

TT'fTjM 

G.21 

m 

0.?3 

1  »* 

509 

n.:1 

0.7? 

t?3 

0  76 

J270 

139 

0.06  161 

0.0? 

0./2 

m 

0/4 

(l 

a 

0.39 

0.?7 

75 

0  2S 

0  It 

f 

0  13 

0  4fl 

>• 

C.5« 

0  b0 

34 

0.57 

0.45 

10 

0  50 

Ob'vI  Slipnjlfi 


Ttn-fttfalure, 

Radiation  How 

Herat 

Mirrflh, 

»/(«/» 

.,(rj 

T/((l)(fl 

f 

mg' 

liiiJ-'lCl 

ib 

Ih 

Ih 

Roitti  t*#rfrMue 

g 

0 

161 

37.4 

0  70 

36  7 

0./; 

97 

8.  10* 

151 

7) « 

r»  10 

■»>  b 

ft  m 

39 

3 1 .  loj'1 

m 

70  0 

on 

11 1 

074 

171 

11  i  10n 

?i 

S.9 

0  /I 

to 

070 

IK 

10  1 

9  3  •  10?., 

4? 

IK 

0  70 

9.G 

1)73 

39 

1  4  .  Ill  " 

44 

10  1 

0.7.1 

II  1 

It  75 

IQ'S 

9  9  i  I0ln 

It 

M 

0.4/ 

*4 

0S7 

?U) 

10 .1 

» )  ■  Id' 

IS 

7  1 

0  51 

fit. 

os; 

31 

1 1 .  in  “ 

ft 

:> » 

0  tt 

b  1 

0  /It 

171 

1 1 1  Hi11 

1 

7  i 

it  // 

/  I. 

ii  n# 

I  -it i run  Slfrr.jil'i 


i  i.  ... 

I'.fdiT 

1  Vl»-  I'l 

1 

1  l  to 1 

tin*  k  '  <«:t 

1". 

f  Hi'yli* 

WOO*  l''*v*l*,<l,’> 

0 

t» 

non 

)l 

A|fH4*«IVt 

1)33 

1.1/ 

Alllwoivi* 

10(6 

1  mini  wbila  lo^liur 

|6« 

5« 

AtlteHee 

MMI 

mt, 

A.H.riivc 

I'W  5 

'i  4  •  to'11 

no 

A'lhrMvr 

4011 

t  mlpd  Inadiur 

/SO 

m 


(a)  •  'Hot 41(1  ifrvi  i.l  Ihp  H-«|'  in'  pilin'  .•'« itn|i«r  !••  >' '•  ,  v  •  *  »l 

niiMir  \  ?< 

•  SllBnpll-  |p'f  v*M|P  "t  MUM ip.t»  s  ....  if  |*ii 

»  Wit  »•«•'*>  ir  al  I'p  livr  •.(■  Ht-vt.’  wmlr/rniiu-  j.h|u  nl.»i 

n  niHspr  Ilf  a(*pf  |P'I‘||'  |U  IK"  1*1  •=■  I'* 

IM  IS1  v»m.  stirnfli-,  rM 

HI  "  tt.1n!.l|it  itrvi  'Ill'll  four  (•(«•■ '  !*•  1|A  Inl  M-|.  »,A-.|||  I-Si -IH'I  {i|  -,‘irf  t3-rf*u  ,  , 

ift  i*Ac l>  firuf-  *•»  •*'*■  »'•  nl  |iir  fpl  ili'H  1  ’ 

s  N  I 

(it)  In.  *r.*«  *>F*[r  ;>•*'  •  I  J!  i  live  %o( . .  fur',  .iv*’1!  In  r  |«<i*  ivr».‘pi‘  d  *■»'  i*nf -ifilMl  Min  adjijMl'fl  Sllpnpt1*  .*i  Ite  .ivfM.ipf*  wi|b 

IPt  nliprip  valuf  .‘i’ll .ihJihI 

ipiiI)  .v'iiiMpi’  i,|fn  il«  'Vi1,  ru 

ill  |t  li»r*i  r.!iPiii,l| 
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TAbLE  A- 16.  EFFECT  OF  HIGH-VELOCITY  ELECTRON  IRRADIATION  ON  SHEAR 
STRENGTH,  PER  CENT  FLOW,  AND  VOLATILES  FORMATION  OF 
EPOXY-THtOKOL  ADHESIVES,  WITH  AND  WITHOUT  CALCIUM 
CARBONATE  FILM*!34) 


RadUltuii 

Absorbed*®), 
ctp  g"1 

Sheai  Strength/.8) 
p»l 

Flow 

Under 

Load!0) 
per  cent 

Volatllei!8) 

_£A-? 

(Epon  828.  Thlokol)!®) 

0 

3600 

11 

None 

2.6  x  10° 

3800 

22 

None 

8. 6  x  10H 

3100 

10 

None 

2.0  x  LOW 

3000 

21 

None 

8.8  x  1010 

1100 

11 

None 

UIA-1  (F.pon  82B, 

Thlokol,  Calcium  Carbonate)!*) 

0 

2400 

6 

None 

2.6  x  10 9 

3000 

£• 

Slight 

8.6  x  10 9 

2000 

1 

Slight 

2,6  x  1010 

3000 

16 

Moderate 

8.6  x  10l° 

20U0 

19 

Moderate 

FA -Vi  (Annul. mu  C, -1 Thlukc»l)(K> 


0 

0100 

U 

Trace 

H.6  X  10* 

6  W0 

24 

Moderate 

2.6  x  Kl11 

6000 

14 

Might 

H.6  X  I0tf 

cooo 

26 

Moderate 

2.6  X  10l° 

6700 

08 

None 

H.6  X  10 1(1 

1800 

LCA-2  (Amur  rung  C-l, 

48 

Thlokol,  calcium  Carbonate)*!') 

Nolle 

0 

.'1000 

3 

Time 

H.6  x  HI8 

2.6  x  10U 

4600 

IK 

Slight 

4200 

5 

Slight 

U.6  x  10<J 

2.6  x  1010 

8.6  x  1010 

Cl  800 

9 

Slight 

2000 

13 

Moderate 

1800 

10 

Heavy 

footnotes  appear  on  the  following  pa^c. 
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Footnotes  for  Tabic  A-*.LH. 

(a)  For  more  complete-  nilornuition  as  to  dose  in  watt -see /tin-  see  Table  A  S). 

(b)  Preparation  of  samples  and  prt>t  edure: 

(1)  Prepare  3  x  1  x  l/32-mch  2u24-f:t  aUitninuti)  strips  by  immersing  for  10  minutes  at  160  F  ins  solution  of  340  parts  by 
weight  water,  30  parts  sulfuric  acid,  and  10  parts  sodium  uloluomuio.  Rinse  for  16  minutes  tn  nuining  tap  water,  dip 
in  methyl  alcohol ,  and  air  dry. 

(2)  Prepare  shear  samples  by  bonding  1/4  x  1/4-incli  overlap  sections.  Oven  cure  as  Indicated  under  a  load  of  1  kilogram. 
Pull  specimens  apart  in  shear  on  Model  S,-fi  Scott  Tester  with  a  draw  separation  speed  of  1  Inch  per  minute.  The  figures 
given  arc  rite  average  of  six  samples. 

(c)  Preparation  of  samples; 

Coat  clean  3  x  1/4  x  1/32  2024-T3  aluminum  strips  lor  one-half  their  length  by  dipping  nr  brushing  ami  cure. 

Place  the  droplet  end  of  tho  strip  under  a  completion  of  16  pounds  In  an  oven  at  26(1  F  for  24  hr.  Calculate  the 
flow  as  foUowsi 

...  Decteaie  In  droplet  slac  x  iuu  , 

FldW  ®  . . . . .  m— i  ■  ■  ■  ■  i— . .  ■ 

Initial  thlukne.ii  of  droplet  and  strip  —  thickness  of  strip 
Ktcli  value  listed  is  the  average  flow  of  two  samples. 

(d)  Prepare  strips  at  above.  Sual  in  gluts  rubes  under  1  atmosphere  of  hellion  and  store  hi  an  air  oven  at  260  f  for  10  days. 
Remove  and  observe  (or  any  materials  on  the  sides  of  die  tubei  tills  is  assumed  to  be  condensed  volatile  material  from 
the  train  tested. 

(u)  Composition  by  VVelgiHi 

Upon  H2H  100 
Tfu'iko!  IP -2  26 
LIMP-30  4 

<0  Compinlllon  by  Wolghti 

Kpull  620  lOo 

Tldokoi  U'-2  7,6 

Leitililte  (Cal  :<>,,)  '.!fi(l 
hm',-;io  '  4 

(g)  Composition  by  Weight; 

Armstrong  C-i  Urn 

Thlukol  IP -2  20 

Activator  A  H 

(ll)  Composition  by  Wright; 

Armstrong  <•- 1  In'1 

Yhlokoll  I'-V  "o 

I  csainitc  (CaCO;))  340 
Activator  A  n 


TABLE  A -17.  EFFECT  OF  MIXED-FIELD  IRRADIATION  ON  I  -ASTILOCK  G20  (NITRILE  RUBBER  T! .ENOI.IC)  LAP-SHEAR 
SAMPLES  BONDING  ALUMINUM  AND  MAGNESIUM1111* 


Townie -Shear  Strength,  pal 


Temperature, 

ComrokXt) 

iliddlHtcd 

t 

Maximum 

Minimum 

Mean 

Maximum 

Mini  mum 

Mean 

X,-XcaR<t>) 

inuiipretatiun 

2024 -T 3  Clad  to  2024-73  Clad  Aluminum 

Room  temperature 

4613 

377(3 

4336 

4913 

1160 

4600* 

U)7  l  i  lalo 

Nu  change 

280 

2392 

1956 

2141 

2643 

T0 12 

2240 

107*667 

Nn  change 

7076 -To  Uncivil  lo  “07ci 

i -TO  Unclad  Aluminum 

Room  temperature 

4H04 

4U2U 

4646 

0240 

4921 

6116 

473* 1206 

No  change 

280 

2410 

I960 

2302 

2493 

21HK 

2360 

76  *  690 

No  change 

Magriciiinn  tu  Mammriimi 

Room  temperature 

1792 

1478 

16UH 

1664 

933 

1206 

'400*  441 

No  change 

260 

632 

£12 

727 

060 

033 

621 

94*160 

Nu  change 

Magnealum  to  2024  • 

TO  Clad  Almnimmi 

Room  temperature 

2238 

1100 

1030 

HUB! 

810 

040 

-000  »  426 

Dnneaie. 

260 

678 

>104 

00'/ 

HV'ai 

4HH 

0d7 

mil  132 

Hu  change 

Fluid' 

•liiiilitriK.il  Llp-SImar  Ten 

2024 "TO  Clad  to  3024 

•'i  n  t.iad  Aluimimin 

ItnmeuLm  Fluid 

4  |>u  cunt  mil  waior 

467o 

3780 

4242 

It'  02 

3760 

4366 

146*  1103 

Nu  change. 

’!  M|>  valor 

470(1 

3ltli2 

4  a!  it  i 

4600 

3706 

4347 

00*  1113 

No  change 

Aim  -icing  llmd 

4700 

3609 

4317 

4620 

1026 

4464 

107*  1 122 

No  rliati|;c.* 

Hydraulic  oil 

47  tf(J 

3010 

4VIII1 

4717 

4060 

44'a>U 

214)  IIKI3 

No  change 

JP-1  fuel 

4o;.u 

407  a 

■1354 

4704 

3h>i;i 

44  1 7 

63  i  1132 

No  change. 

Kydriii  arboii  !‘yp<-  ill  fuel 

4860 

aiHtt 

4274 

•mo 

3H4G 

•14  ao 

200  i  1 1 1 1 

Ho  change. 

(«i)  luadiutcd  in  air  to  11.4 

X  111'1  Crg!  g 

■ 1  (<  ■)  (0  x  III'4  iijvt,  0 

X  lU1'*  11,11, 

and  6  x  10**' 

gamma: 

i/cm'^J. 
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TABLE  A- 18.  EFFECT  OF  75  F  IRRADIATION  ON  TF.NSILE.SHEAK  STRENGTH,  BEND  STRENGTH, 
AND  FATIGUE  RESISTANCE  OF  SCOTCHWELD  AF-6  ADHESIVE  (PHENOLIC) 

TESTED  AT  75,  ISO,  AMD  2«F<W 

TppMlpAhcai  Slippplli 


psi  .i/(T)'r'  ik i  ../ml'* 


Temporal  nrr, 

Radiation  Cose 

Sneai 

Slrenplh, 

uwih) 

s'c>, 

Adjusted 

ShMf 

Sltenplh*1*. 

r 

tx\rl 

Pl||5  *  1 1C! 

P« 

PSI 

PM 

S/ISP'1  PM 

R'uvm  temperature 

0  0 

0 

2920 

15) 

9.05 

169 

0.06 

n 

6.6  «  10° 

3430 

•50 

0.04 

166 

0.(6 

39 

3,4  «  I010 

3990 

105 

0.0? 

11/ 

0.03 

74 

6.4 1  HI10 

3100 

157 

0.05 

1/6 

0  06 

wo 

7.6 

6.6  >  I09 

1470 

771 

0.19 

30 

0.71 

74 

7.1  »  1010 

mo 

596 

0.3? 

666 

0.36  >150 

74 

6.4  i  I01D 

1470 

3.70 

376 

0.7? 

m 

7.C 

6.6  «  I09 

lliO 

500 

0.44 

659 

0.49 

74 

7.1  <  I010 

lK.fl 

738 

077 

.17? 

031 

w 

5  4  .  It)10 

1030 

m 

O.J7 

437 

0.4? 

>150  «3  0.04  5€  0.01 


RhhI  Slienflh 


f 


Hof.fr  lemiWfaloiA 


WMiMim  Oosp 
in  7  AI..P  nil 


Adjusted 

fiend 

Slxtnflh,‘11. 

IP 


10.7  OK, 
lb  7  0M 
75.0  0 14 

15.3  on 


IK) 

7.0 

6.6  >  IS9 

W 

77.6 

0.71 

309 

0?3 

146 

H.7 

0.06 

9.5 

0.0/ 

74 

7.1  >  III'0 

114 

77.11 

0  74 

311 

II.?.’ 

171 

4.4 

0(11 

1 

ooc 

74 

64  i  IQ111 

106 

116 

U.ll 

13? 

0.17 

760 

10/ 

9  .  i  III9 

.11.0 

035 

34.6 

0.39 

KS 

17,1 

0.17 

14.0 

0.14 

ItriNUIUI*, 

I 

Hi«i«  IphaiiMiih. 


f  Alifue  3|f*i||li 
Wvli»|inn  Ooit 


1 1**1 

Cytlxi 
<  10 

T  vi>*  ill 

PM 

r 

iiw 

716 

Adhejiv# 

13)6 

/ID 

filhnm 

l/lfi 

1.7(4 

AiWiv&ivc* 

1046 

6,415 

Adtouv* 

9J6 

13,0447 

Nom 

1315 

1.911 

UtlNl 

I3J5 

7731 

Wtiil  **1 

JrfhMlv* 

1335 

14,643 

Ailhpvv:1 

l?«l 

1,096 

AiINiiim 

1065 

10,000 

Now 

1.335 

1/0 

AflriMiy# 

1700 

'6 

l?(W 

Arf\r;  * 

1065 

1,40(1 

AdhMivd 

9.35 

70,000 

NfWt: 

’>.  i«-*y 

r 

I  A)  t  d^vMliun  «l  Ihf  »mni',  fnisinil^d  jfi  onlm^  If*  |he  fnu*||o»n  »  v  "  1  r 

l  U\1  w»Ii»  r.l  '{** 
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(M  (3)  i^p.n  *;|ifnpt>.  pti 

if  1  .1  st.m.l.iid  rii’VMlinn  (fximiiM  is*  .HdHirl  U‘i  |J«>  v.dl  <*'  *p*n  in*fn*  y  ^ 

m  r,ul‘  niwfu/lPd  l»v  w-parit  «j  fi*  ini.itiori  >»  «i 

H  I 

I  ill  ||«  V.Krt  vUiPfP  on»*  nl  tf*»  llv.»  |»\f  vlMS  I’lfp'Myi’ly  fro"*  fhf  .iyri  W.  «l  «l»Sl  .lldlil  Tf’r  .lfljiKliMl  r.lrrnf>|n  K  II 

MlfC'V’  y.HiiP  <1*r.O  Wdri! 
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(f i  i|»l  Mirnyl*  ,9, 

fi’f  tl'»  *fijiis|p«' ipiv' t|ff*Hb*|i-  P 
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TA13LF  A .19,  EFFECT  OF  76  F  IRRADIATION  ON  TENSILE-SHEAR  STRENGTH,  BEND  STRENGTH,  AND 
FATIGUE  RESISTANCE  OF  CYCLE19CLD  Alt  ADHESIVE  (NITRILE  RUBBER-PHENOLIC) 
TESTED  AT  75,  190,  J«n.  AND  500  F(,0> 


lervip  '•'hf.n  Strength 


MjliSlOll 


Shear 

Shear 

Tpnwnliw*’. 

h.n'nlinn 

^trenplh, 

Sl..n,l6<l,l 

a. 

r 

1  *  (v  * 

efgsc"1 1C1 

PS' 

Mi 

<..( s/1" 

ESI 

S.'(s/h! 

l»5i 

psi 

Rcw»  tempeialurc 

0 

1) 

2030 

19? 

0.09 

215 

O.iO 

ICS 

9.7  1  109 

lb  70 

473 

071 

47! 

0  30 

3? 

2.8-11'!“ 

1970 

495 

0.76 

553 

029 

107 

9.3  n  !010 

1360 

416 

on 

413 

0.34 

180 

10.5 

9.7 «  I09 

7/0 

374 

0.(9 

(18 

0.54 

5  SO 

66 

76 

2.3 «  10  9 

790 

464 

0.69 

519 

0.K 

560 

26 

81 

7.1  »  1010 

1480 

282 

0.19 

315 

0.7i 

?eo 

10.5 

9,2.  I09 

880 

386 

0.11 

432 

0,49 

76 

2,3.  1010 

460 

50 

0.11 

55 

0.12 

K 

8.6  •  I01C 

880 

133 

0.15 

149 

017 

500 

10.S 

9.2 1  I09 

400 

96 

0.21 

10? 

0,2? 

13 

2.8. 10  » 

750 

70 

021 

28 

0.1) 

8! 

/.! .  1010 

370 

1« 

0.44 

184 

0.50 

76  0.13 

30  0.06 


Owd  Str«niin 


T*mw«\iih. 

^  JIMiriiM  On* 

f 

1 .  I0-' 

•-1ST1  (Cl 

Room  IoiihinNki 

0 

0 

10.5 

9.7 1  I09 

26 

2,3.I0|“ 

99 

8.6  >  I010 

110 

1.9 

7.1 .  I09 

26 

73«  10  J 

II 

7.1  1  I0,c 

260 

1.9 

3.8  *  10* 

12 

3  8.10  9 

RS 

8  6 >  I010 

61X1 

1.9 

7.1 .  ID9 

12 

?.«  .  I0>* 

170 

1 .  10" 

BW 

6UKRI6. 

16 

16 

»/(Bl,n 

"'c). 

16 

../(§ /•> 

148 

71.7 

0.16 

26.5 

0.11 

131 

216 

9.16 

74  ) 

0.11 

111 

19.1 

017 

73.1 

0.19 

61 

15.0 

0.27 

16.1 

0.25 

84 

59 

011 

66 

0.12 

16 

4.6 

013 

5.1 

015 

Si 

34.7 

0,40 

37.0 

0.44 

4? 

8  4 

0.19 

9,1 

0.71 

14 

61 

016 

6.9 

0.30 

45 

7,2 

0.16 

8  0 

0.11 

/£• 

4,1 

0.19 

6,3 

0.71 

Hi 

91 

044 

9  7 

0.43 

> 

11 

0  26 

1.5 

0)0 
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ff ,  a, 
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171  S*  0.09  (.8  0.06 
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VI 
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20.000 
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TAHLF  A  -20.  EFFECT  OF  IRRADIATION**)  ON  TENSILE-SHEAR  STRENGTH  OF  EC  1241 
AND  METLUOND  4021  ADHESIVES  (NITRILE  IUJBBER~PHENOUC)(b^36) 


GAimiia 

Exposure  Dole, 

«g»  g”1  (Q 

Number  of 

Specimens 

TenJ!lc-Slicar  Stferijtlli, 
Range 

-i!ii _ 

Average 

None 

EC-1241i*r) 

3 

4B60  -  flilfiO 

[>030 

1  x  1010 

ii 

3730  -  4400 

4180 

1.7  x  1010 

;t 

4HH0  -  4800 

47  /to 

8.7  x  1010 

3 

1000  -  1700 

l/.IO 

None 

MailhWl't  40'.'|td) 

4 

4600  -  4HOO 

4710 

H.7  x  10“ 

« 

4H00  -  3030 

4000 

1  x  10l() 

M 

,'IHHO  -  1200 

4030 

1.7  x  10J«> 

3 

4100  -  41/10 

4120 

<*)  Itvmllniluii  ai  ambient  imtipcraiinr, 

(hj  Curcli 

KC-124I.  02  3  F,  40  min,  MI  pit 

MutlhomJ  4021  MOO  40  min,  100  [ill. 

(c)  KOl'246  mailiilactuml  by  Mlinieirta  Milling  A  MamifaclurUlg  Co,  ai  a  liqii lii. 
(J)  Moilhonil  4021  manufacturctl  liy  Nnrmco,  lin:.,  .u  llifjlil  .-.ml  iii  a  tape. 
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TABU  A  21,  EPF  EC  T  OF  RADIATION  ON  TENSILE-SHEAR  STRENGTH  OF  BONOMA8TER 
246  AUHHSIVE  (NITRILE  RUBBER EPOXY)^-  M96) 


Number  uf 


erB*  tt* 1 

Specimen! 

Rinufi 

Avenue 

None 

4 

;»;uo  -  ,Wifi 

3C47 

H.  7  y  >0^ 

3 

:mdo  oyoo 

3700 

H,  7  X  10l° 

,'i 

iHiio  -  mho 

'JOOO 

(»i  IrriOUlimi  tmJ  inti  *t  tuuiii  touijiciature, 
<l>)  Ourui  .106  I'.  00  min,  CO  fit. 
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TABLE  A-37.  EFFECT  OF  75  f  IRRAOIA1ION  OK  TENSILE  SHEAR  STRENGTH.  BEND  STRENGTH, 
AND  FATIGUE  RESISTANCE  OF  CYCLSWELD  C-3  ADHESIVE  (NEOPRENE 
RUBBER. PHENOLIC)  TESTER  AT  75,  180,  AND  760  F(,(» 


fe&silff  Sh&u  SfienjJh 


rffflppiaiijie. 

V 

R.ldiriiim  Pom 
c  *  1Q7 ?  njs  j"  '“(C) 

Sima; 

Stienjlli, 

!'« 

M 

n(c>. 

P" 

■tAs ;jfJ 

Rnr»m  lecptiafuie 

0 

U  „ 

?$» 

111 

0.04 

176 

0.(6 

:u 

9.7  1  llP 

1600 

114 

0.07 

177 

0.09 

V 

7.4 « 1010 

1120 

135 

0.12 

151 

0.11 

ISO 

ii.i 

9.7 1  I09 

13)0 

it 

0.04 

87 

o.oi 

ii 

n  .  io10 

920 

III 

C. !? 

171 

0.13 

n  .i 

9  7  >  10* 

1)40 

179 

0.11 

144 

0.13 

35 

3.1  » I010 

770 

48 

0.04 

51 

0.01 

B«nd  Slfffnplh 


Mjmlffd 


Tff'npfff^wc, 
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1*1' (VI  fhu 

StiMfth. 

R|C), 

bww 
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<*  . 

u/{oii] 
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1 

r  >  IP  7 

r'{iS'*(Cl 

II) 

h 

10 

)«/(H|lOl 

ID 

IK 

II. 

finu*  Miipwrtute 

0 

0 

703 

7.9 

0.04 

1.9 

0.04 

111 

91 1 109 

114 

14 

n"5 

u  » 

0.07 

35 

11  .  io'U 

67 

11.7 

0!,’ 

15  0 

0.19 

90 

?,a»  io'° 

)A 

13.4 

0,35 

ts.c 

0.39 

1ST 

9,4 

*  7  »  111'1 

n 

i4.e 

0  70 

16.6 

0  7? 

35 

i.i  i  iaID 

41 

I4.f 

073 

153 

076 

bS 

76 

U.D* 

3.1) 

(1.05 

.04 

4  7  l  l(ll" 

4 

t? 

145 

4.9 

1  7? 

0 

l 

0 

0 

0 

740 

44 

f> '  IO9. 

61 

?n 

0  35 

75  3 

019 

10.4 

Oil 

17.0 

0  71 

:/ 

74  ill® 

3b 

80 

0  73 

9.0 

Oil. 

1015 

M  *  10 w 

0 

0 

0 

0 

0 

rmptu  sumiih 
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MHmI 
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t»iM|lf«Ul  lff*f 

N  hvf  bn  ftl  Mirr  irrnt  in  Jh#  ficuf 
|M  IS)  tfiMi  n 

(f )  it  MiltfMil  lifftfl.kfKm  cnifpflrtt  |o  Jermmf  flu  |l*  nu^Tfl  nf  ^ 

in  PjCf'  |P#»nll  r I'ns'iilHl  ftr  '»i  IV  iftalfbn  ' 

*  H- 1 

|di  ill)  hMi  iWtiijtlh,  lb. 

it)  |o  C4«s  »Mi#  om  of  IM  five  1m!  value;  dcviaici'  eumivrlv  lio.n  Inc  jwri^c.  -I  *«*•  .fm-.jfJi'ii  fr»«  .ijjir.tr.1  ;|ico£lf>  is  ihp  ,tvp.i»9‘i  villi 
i^f  t'lien*  valua  (liicardfci 
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TABUS  A-2J.  EPPECT  OT  RADIATION  ON  TENSILG -SHEAR  STRENGTH  OP  METLBOND 
MN3C  ADHESIVE  (NEOPRENE  RUOBKR-NYLON-PHENOUC)**'  W<3s) 


Gtinmi  Expoiure  Do«*',  Number  of 

Teiulle-Shesi  Sttenstth.  n*t 

org»  g"1  <C) 

Specimen* 

(lingo 

Avenge 

Metlbond  MN3C  (Liquid  mid  Tipu  on  Aluminum) 

None 

10 

S>380  -  3110 

2878 

0.4  X  10U 

a 

1112  -  11(10 

1130 

1.7  X  1010 

a 

HUB  -  1082 

1017 

MetibonU  MN3C  (Liquid  xnd  T»po  on 

Mmneilum) 

Nunn 

10 

121(0  -  2000 

1570 

8.4  x  10" 

;i 

JO JH  •  10114 

1057 

1.7  X  H)J0 

il 

707  -  10 III 

88!' 

(*)  ltiidntimi  tmt  toils  ujiiJih'UmJ  ji  mum  tuiM|!orituru, 
<li)  <Jui»i  82/1  P,  4fi  min,  -10  put . 


A  -  2  (> 


TABLE  A  -24.  EFFECT  OF  75  P  IRRADIATION  ON  TENSILE  SHEAR  STRENGTH  OF  MF.TLUUNU  MN3G 
ADHESIVE  (NEOPRENE  RiORBER-NVLON -PHENOLIC)  TESTED  AT  75  AND  ISO  p(31> 


Ten 

Temperature,  F 

Tcnillc -Shear  Si icmitli,  nil 

(X|-X,.)*p^ 

Control  (Xt) 

lrradUied 

Maximum 

Minimum 

Mean 

Maximum 

Minimum 

Mean 

2024 -T3  Clad  to  2824' 

•T3  C lad  Aluniinmii 

fajom 

34  <M 

5008 

32'.;2 

3260 

2074 

2000 

•272iH3H 

ISO 

1681 

1302 

161IJ 

1340 

484 

1183 

-833*804 

7076 -TO  Unclad  to  7075* 

TO  Unclad  Aluminum 

Room 

3188 

2  m 

2007 

3326 

2816 

302  H 

111*771 

180 

1561 

1132 

1207 

13H 1 

1 174 

1162 

-1(16*337 

MaRiiDilum  to 

_M*jjnciliini 

Kmmi 

11 1 84 

1U02 

2061 

11163 

1606 

1784 

-207*633 

185 

1  141 

Dll') 

1000 

H78 

736 

7  02 

■214*426 

(»)  ('radiated  In  sir  in  2.4  x  I0!l  crgi  jj"’  (C)(0  x  1  (> 1  '*  njvt,  (I  x  I0J!’  ti , vt ,  it  u  I0lli  ^muinaiA  m1!). 
(b)  P  =  proi  IMon  at  115  |>rr  cent  ■  I'ufldcticc  liiinval. 
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A  i  i 


T A  B Lis  A-?. A. 


MANUFACTURERS  OF  ORGANIC  PROTECTIVE  GUATiNGS 
AN.fi  GASKETS^381 


Manufacturer 

Mounted  Coatings  ■ 

Aikaloy-b50 ,  Amphesive-80  1 ,  The  Atlas  Mineral  Products  Company 

Ampreg-E,  Neobon,  Zerox-110  Houston,  Texas 


Amu  rco.it-tii,  -  33,  -ii. 

-  5  rtUU  ~  1  ili  74  Sila 

Amercoai  Corporation 

South  tiato,  California 

Barrett  SUUonu 

Barrett  Varnish  Company 

Cicero,  Illinois 

CorroBito-<JiJ 

Cor  mult  «>  Corporation 

New  York,  New  York 

Duralon- J6 

U.  S.  Stoneware 

Akron,  Ohio 

Du  Pont  White 

E.  1.  du  Pont  do  Nem.'iirs  and  Company,  Inc. 
Wilmington,  Delaware 

Dyna-olad 

Merchants  Chemical  Company,  Incorporated 
Nrw  York,  New  York 

Epon-  ,'iyr» 

The  Glirtden  Company 

Chicago,  Illinois 

Epon-1001 

Shull  Chemlfitl  Corporation 

New  York,  New  York 

NukoniiUi-4G 

Nnkum  Products  Corporation 

Buffalo,  Now  York 

Phonolino’  f,  Polyclad  Soulcoat 

Curbolinu  Company 

St.  Ennis,  Missouri 

Prut  coat 

Prulcout  JL.ihoratory ,  Incorporated 

Ga  tnbr  tdgo ,  Mas  sir:  huso ttu 

Solar  Si  lie  curt*  Alkyd 

Sola  r  Corpn  ra I  ion 

Mil  wa okc o,  V»  i  neons  in 

Ucilon 

United  Chromium,  Incorporated 

Now  Y  rk,  New  York 
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TABLE  A-26  (Continued) 


Unmounted  CoaHngs 
A-89-A  -Black 


Manufacturer 


Gordon-Lacey  Chemical  Products  Company 
New  York,  New  York 


Ainnrcoat  Strip.  Amerplato 
(T-Locked,  Black  and  White) 

Brovon “Black 

G.  IS.  Cocoon 

Tygofllm-B.tue 

Flame -Sprayed  Polyethylene 


Amorcoat  Corporation 
South  Gate,  California 

Atlas  Powder  Company 
N.  Chicago,  Illinois 

R.  M.  Uoiiingahead  Corporation 
Camden,  New  Jersey 

V.  S,  Stoneware 
Akron,  Ohio 

The  Powder  Wold  Process  Company 
Brooklyn,  New  York 
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TABLE  A-28.  RESULTS  OF  CHEMICAL  RESISTANCE  AND  DECONTAMINATION  ST  DIES  ON  M.  UNTED  COATINGS*38) 


A  '  35 


* 


& 

p 

u 


c 

4) 

(k) 

<0 

V 

05 


« 

c 

V 

60 

4-» 

c 

c 

0 

05 


o5 


h  o 

i  i 

O  o 


(X 

.5 

f? 

0 

U 


O'  h- 
O'  SO 


CP 

u 

J  l! 
§ 

o  J5 


i  -3 


o 

r~ 


.t5 


X' 

^  o 

0.  z 
r*.  ^  o 
,  *  c 

o  o  2 

ZZ4 
X  X 

a 

Off4 

-«  o 

r* 

o 


o 

rg 


£ 


& 


a« 

Ua 

i 

PO 

g 

X 


00 

o 


X 

o 


CO 

00 


X 

o 


h 

00 


o 

4/ 

4M 

V) 


o 

00 


ft. 

o 

a 

P 

* 


•  o 

in 


X 


is 


a:  is 


is 


rS 


X 

o 

„  c 

o  2 


O' 

c 


Us 

p  s 

Ui 

o 

o  k 

1 

m 

X  ° 

X  Jn 

O 

>  0 

-O 

g 

X  x 

X  «i 

X  2 

o  o 
r-  r- 


00 

CO 


CP 

M 

§  2 
U  £ 


i-  r- 
co  oo 


CP 

H 

CP  ^ 

e  w 

§  £ 
o  £ 


rsl 


o 

r- 


CP 

o 


to 


f\l  J 


m  o 
o 


CP 

u 

U  -* 

C  g 
o  S 

a  £ 


05 


05 


O' 

o 


CP 

CP 

*-< 

to 


to 


p  1 


0 

u 


■n 


d 

o 

r~ 


o 

o 


o 


t: 

o 

£> 

0 

X. 


O' 

o 


00 


CP 

CP 

+* 

(0 


o 

i 

o 


-3 

x 


of,  2 


%% 

X  X 
eo  so 


<M  «l 


o  o 
r-  r- 


U  w 


* 

-  « 

5  " 
2  » 
■  2 

<#  c 
t>  o 
>-  c 

II  It 

ctf  X 


fb)  C/D  =  the  process  of  HNOj-fission  product  contamination  and  decontamination, 
(c)  FP  =  fission-product  contaminant. 
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TAttl.K  A  10,  All, ICON K  INSIJI.A1  ION  .SYSTEMS  AND  CONS  I'ltU '■  TVON.sI * 7> 


Inttul  a- 

iton 

System 

Wire 

Wire  Insulation 

Motureltu  lnaul.itum  SyMctmi 

Ground  ana 

Phase  Insulation  Lead  ltiaulahou 

Slot  Stick* 

Silicone 

Varmah 

A 

AWO  18 

copt1#  I' 

Doublti-g)  «n»  M.liconf 
varmah  Sylkyd**) 

1090  bond 

UU*a-inica-gl;uit 
e til  cone  bonded 

Silt  roue  -  vomit  hed 
glan  eleeving 

CS-7  ailivone-plaaa 
lnmt  nate 

B 

AWC  18 

Double  DAgUa^) 

GUaa  -mica -gleet 

Sill  cone  rubber 

G-7  ailicone-glaaw 

Dow 

coppar 

Sylkyd  1090  b.-.iid 

ail  krone  bonded 

glass  alooving 

iam*nate 

Corning 

997 

c 

AWG  18 

copper 

Modified  aiHconc 
«nnm#l  Sylhyd  i  364 

Olaae-m'OM-glaea 
eUiCOne  bonded 

51  Drone -varnished 
glnaa  sleeving 

G-7  alhcone-glaaa 
laminate 

D 

AWO  18 
copper 

Double  Diglaa 

Sylkyd  1090  bond 

Gloat ‘Oaten  to  a  >•  Silicone  -va  r»n  •  had 

bonded 

Motor  Inetrlfttion  System 

0-7  #il icona-glAts 
laminate 

Motor 

AWQ  it 

Douhlc.flMi  «trv*il. 

Gleta-mice-gleaa 

,SlUauc-in«ulBted 

G-7  elLcone-tfUse 

Dow 

copper 

Xylkyd  1090  bond 

ailUoha  bunded 

I. fid  wire 

Uhiinate 

Corning 

197 


rormMI*  Inaplatimv  System# 


m^gti>in  Conductor  Primer v  Insulation 

C  1/4  *  1/4  n  U  lit,  ulurfHHimt  0.  080  >m.  ..tVm-k  Innulfttloo  i.V.da 

kieittg  0. 040-In,  *  Ml  run*  rubb*i- 
Siluntlcl*)  Ml  tap#,  HlUittiv 
£1-400/  patt* 


Gltaa-relnforced, 
viitrnni  sett ,  hillkiitit) 

t’ubbn  r  tape ,  0,  040  it*. 

thick 


k'  4  ate*  Mid  i.t»|»i'«  r  fotitlm-* 
It.ru,  ndrh  0,  100  h  0.  ?MI 
m  l»  in.  ,  double-glut* 

■  w r vail,  bunded  with  •lli- 
con#  varmah  Nylkyil  1000 


l-omim  tor '■  bonded  with  /Bleak.  X  OUia- riuhlun  ail  aeinl- 
.1-00911,  0.  oh(>-h».  -Ilii«  k  iit'Milu-  viilt  Min AUtl,  ■  tih<»,i»> 

ftOM  hiMtitt  iMtii.u  Sliest  u  .'.‘  OIIH  I’dbbnv  tape,  U.  040  in. 

Guideline  tapn  thick 


Wi-*  mu]  Cable  llmiat rut  t mo 


Const  ructun  Cumlm  |or _ ___  tJL  _ _ _ _ ljfiil  at  ion 

U  No,  14  etranded  cupper  ffHaakt  HO  (MI1--W  -H77Y A  Type  MT-11  wire) 


Cure  NlnuiUlctl  'Hut 
.’4  hr  0.010-in. 

4*i0  v.  eluminuin 
foil,  I  hi. 
wide 

\h  |,r  0  010 •  i it 

400  i:  Ml'ihtinitm 
f»»M ,  s  ttt 
whin 


No,  14  at r* mind  copper 


Sllasth  80.  1/64‘in,  wall,  volt  ,«tn  tinl  only 


No.  18  air  Alidad  copper  fit  lastlr  3-40/U ,  l/64-m.  w»*ll,  volt  entr.eU  unly 


.)  i  —  Ntt,  40  "trended  cupper  Silaatti  VI I* ,  ll)-n.il  •  wnJI  <un<lu<tor  mmiUhoti,  ail It'imi1  - rcfcm-impre gtiih'd  hrnul; 

•Si  I  untie  VK*  <  able  jacket,  1/64  -in.  wall,  poat<  urcrl  4  hr  -it  1H0  l' 

(#)  Sylkyd  i*  «  Duw  ()(*rnlit||  lietlernark  for  SiliConc  v.i rm «)nn»  nnil  c.*n .i i n <•  I m ,  ililiitnit'  i n  tin*  t  Ohi|ihii y ’n  tr.Mlomnrk  for  hiIii  imc 
rubber. 

fb)  Dugin*  in  n  trade  tie eigne  hut,  for  gin* * -Dae  run  inmiLicioii 
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TABl-i:  A -31.  HUMIDIFIED  INSULATION  RESISTANCE  FOR  SIMCONB-INSULATKI)  MOTORETTES  EXPOSED 
TO  RAOIATDN  AT  200  C  <47> 

Conditioned  72  Hr  at  30  C  and  100  Per  Cent  Rll 


Exposure 

Insulation  Resistance,  megohms 

Erg*  G'l(C) 
x  100 

Megatada 

Hr  at  200  C 

System  A(a) 

5yit' 

em  b 

System  C 

System 

n 

1 

2 

1 

2 

1  2 

1 

2 

Phase 

-to-Phaje 

0 

0 

0 

870 

800 

4000 

700 

12, 000  4000 

7800 

soon 

3.2 

35.2 

760 

70 

do 

40 

140 

«,  nnn  2500 

*5  Vi 

260 

0.2 

101.4 

2100 

3.0 

22 

0.4 

10 

Units  {ailed 

0. 15 

12 

14.11 

153.3 

3200 

14 

22 

04 

67 

10 

2.3 

1U.7 

205.0 

4300 

230 

600 

000 

508 

24 

0.0 

23. 2 

258.0 

5420 

3.0 

1.0 

120 

00 

6.0 

(.4 

27.7 

304.0 

0400 

24 

3.0 

410 

1H 

Ui 

0.  1 

Itiase- 

Ki’tirouiid 

0 

0 

0 

430 

200 

1000 

300 

5600 

m 

20011 

3.2 

36.2 

750 

30 

08 

13 

B0 

280 

H8 

130 

0.2 

101,4 

2180 

a 

30 

115 

10 

Units  failed 

1.0 

lli 

14.0 

lli3.il 

3200 

3.7 

1.3 

140 

■14 

10 

11.0 

IB.  7 

205.(1 

4000 

850 

230 

640 

400 

170 

0.7 

23.  2 

258,0 

6420 

1.0 

1.4 

7.0 

1.0 

Vi  #/ 

H.O 

27.7 

304.(1 

<1400 

15 

3.0 

230 

Hi 

HD 

0.  1 

Nolen  Muiutoiies  Were  removed  periodically  from  expuiure  condliimir  for  litarrln i ion  iiir.aiurcimmli,  Nominal  exposure  cycle 

(nibjcct  in  tunic  variation)  wilt  A0  rneparad*.  irradiated  rale  wa»  approximately  0.05  megarad/br.  Samples  headlined  it 
200  C  were  exposed  In  it  l.O-cu  ft  convection  oven  it(  200  t  2  Oven  will  located  adlaecm  in  the  radlillnn  tuurce. 
1X11810111  of  samples  weic  periodically  changed  to  obtain  uiillurin  radiation  dotes. 

Teat:  Prciccdurei  were  lubitantlally  the  same  tit  In  AlEE  No.  610.  Moiurutlca  were  allowed  to  stabilise  at  rixiin  ruiii|>urattiro 

afWi  removal  from  exposure  coiidliloni.  The  1  -hr  vibration  period  was  followed  by  proof  tesu  at  000  voln  a-c  pliaid-lo- 
phaie  and  pluuc -to -ground  and  alio  at  120  volts  a-r  tnrn-lu-uini.  Moronities  wc.'j  then  subjected  to  100  per  cent  It! f  at 
110  C  for  72  hr,  Ar  die  end  of  rhi a  humidification  period  (and  wlale  the  tnoluretlcs  were  Hill  in  the  humidity  chamber)  they 
were  again  proof -tested. 

'flic  red  unit  of  expoiuro  n  etpjlyale;::  tr,  ISO  o.-g a  of  «I»orbed  energy  per  gram  of  tibtorbing  inaleri.il. 


(a)  See  f  able  A-.'infor  System  enmposli Ion,  Numerals  1  and  2  refer  to  number  of  moiorelie  samples  letied. 
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1’AlilJ;  A  -32.  HUMIDIFIED  INSULATION  ttESISTANn-  ’''DR  SJI,K">NE- INSULATED  MOTOKET7ES 
EXPOSED  TO  RADIATION  ONLY(4  ,) 

Conditioned  72  Hr  At  30  C  And  1UG  INsr  Cum  Nil 


Erg*  O'l 
(C)  x 10» 

Exposure 

Megtridi 

Iniuunon  Kesuttnce.  megohmi 

Syitem  a(*> 

System  E 

S/ilein  C 

S,  item  0 

Phtie 

•  to-  Hitiw 

0 

0 

1660 

130 

3000 

2200 

3.2 

35.2 

1200 

17. 

360 

1200 

0,2 

101.4 

40 

4 

18 

63 

14,0 

183.6 

4,0 

0.0 

0 

0,1)5 

IS. 'I 

208.(1 

1.8 

17 

u.u 

1.0 

23.2 

265.0 

0,18 

0.30 

13,0 

1.6 

27. 7 

304.6 

0.20 

0.40 

3.0 

0,24 

Hmm  • 

m-<  lit)  mid 

O 

0 

000 

120 

850 

1300 

3,2 

36.1! 

70 

10 

200 

60 

0.2 

101,1 

O.tt 

3,0 

58 

16 

14,0 

153.0 

4.0 

4  r. 

3  6 

0.6 

IS. 7 

206.0 

0.7 

7.0 

l.H 

1.6 

23.2 

25R.H 

No  rriMllnj* 

0. 25 

5,0 

0,1)0 

27.7 

304.0 

0.20 

0,30 

2.0 

0.  23 

(a)  See  Tftblts  A-SIl)  f»*r  Syituiif  t.viu|>'>sUl<n.  srr  Table:  U  1*1  for  Utri  j»roccUiirc, 


A  -40 


A-i  1 


A -44 


TABLE:  A  -  37.  RESULTS  OF  PRELIMINARY  IRRADIATION  OF 
ELECTRICAL  CABLE  INSULATIONS*49' 


Cable  Identification^) 

Rubber  Insulation 

Serviceability 

Tested  at  350  F  for  185.  5  Hours  and  2.  86  x  10?  REP 

Springfield  Wire  h  Tinsel  Company 

(1) 

Compound  S-205 

P  or-fnir 

Boston  Insulated  Wire 

&  Cable  Company 

0) 

B1W  #20-71 

Fair 

(2) 

SE-B1686 

Good 

SE-555  (jacket) 

Poor 

(3) 

SE- 81686 

Good 

SE-555  (Jacket) 

Poor 

(4) 

SE-81686 

Good 

General  Electric  Company 

<‘) 

Waterford  Compound  81427 

Ftti  r 

(2) 

Bridgeport  Compound  1527  Good-excellent 

(3) 

SI  53917 

Poor- lair 

(4) 

SI  53916 

Poor- fair 

(5) 

SI  57420 

Toor 

(6) 

SI  57421 

Fai  r 

Tested  at  450  F  for  69.  3  Hour*  and  2.  1  x  10?  REP 

Boston  Insulated  Wire 

(*  Cable  Company 

(4) 

GE  81684 

Good 

General  Electric  Company 

(7) 

Bridgeport  Compound  1520-83 

Goodt^) 

(a)  Numbers  refer  io  the  correspondingly  numbered  jfem  in  Table  A -38. 

(b)  316  hr,  480  f:,  4,6  x  10,J  r/hr,  dyium;*ally  flexed  ‘.lx  tlinei/icin.  likl  not  fail  under  these  conditions. 
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TABLE  A- 30.  ELECTRICAL  CABLES  TESTED*49* 


Springfield  Wiro  U  Tinsel  Company 

(1)  Single  conductor,  AWG  No.  16  solid  nickel-clad  copper,  insulated  with  S-205 

silicone  rubber,  temperature  500-600  F,  no  metal  shield;  used  as  a  control  cablo  on 
nuclear  reactors 

Boston  Insulated  Wire  Cable  Company 

(1)  No.  20  AWG,  single  conductor,  1  / 32- inch  compound  B1W  No.  20-71,  with  nickel- 
plated  shield,  temperature  500-600  F 

(2)  No.  14  AWG,  two  conductor  insulated  with  1 /64-inch  3E  81666  and  jacketed  with 
G,E.  SE-555,  temperature  500  600  F 

(3)  No.  14  AWG,  same  as  (2)  with  nickel-plated  shield 

(4)  No,  16  AWG,  /our  conductor  with  1/64-inch  SE  81686  with  nickel-plated  shield 

General  Electric  Company 

(1)  Single  strand,  single  conductor  insulated  with  Waterford  Compomid  81427,  tempera¬ 
ture  500-600  F 

(2)  Single  strand,  single  conductor  insulated  with  Bridgeport  Compound  1827,  tempera¬ 
ture  500-600  F, 

(3)  No.  14  AWG,  single  conductor  Insulated  with  SI  53917  silicone  with  glass  braid, 
temperature  500-600  1' 

(4)  No.  16  AWG,  single  conductor  insulated  with  SI  53916  niltc«.n«  rubber  with  gloss 
braid,  temperature  8O0-6UO  V 

(5}  No.  18  AWG,  silicone  rubber  SI  57420,  asbestos,  glass  braid,  temperature  380  F 

(6)  Me.  <4  AWG,  ailicone  rubber,  SI  .57421,  asbestos,  glass  braid,  and  Teflon -tape 
insulation,  temperature  750  F 

(7)  No,  18  AWG,  yingle  conductor  insulated  with  Bridgeport  Compound  1520-83, 
temperature  400  F 
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COMPARISON  OP  MKCIIANU  Al  MROI'KUTIKS  Of  SU1< 
AT  ROOM  T/.'Mi’K  (v  A  TV.  [’< I-:  AND  AT  MSI*',  ,\ ; )  AFTER 


WllUu  INSULATION  AFTER  IRRADIATION 
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Ten  l  ed  at  Tr  strd  at 
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5.87 

-- 

.  - 

Broke 

Broke 

-- 

-- 

14 

-- 

-  - 

... 

-- 

V30 

630 

1*3 

8,4 

Broke 

Broke 

-  ► 

.. 

•  - 

ei-i/i 

\l,b 

Broke 

Fir  oka 

.. 

.... 

-  „ 

-- 

28 

. ...  _ 

...  -  .  , 

-- 

-- 

-- 

E  rok. 

Br^k* 

teat  vai-jea  fo r  the  l»*at«  aged  Ikmplfi  a rn*  placed  in  tltnir  approximate  rtlnllnnihlp  to  die  euinploe  irradiated  at 

V  U».it  on  th»  time  of  eKpoanr*  to  the  elevated  Uonp*  raOir* .  Thr  time  of  Irradiation  cornputad  by  dividing 
0\¥  •xpuamo  dost  by  the  doaa  rata ,  a,  iJ  m  1U7  erg*  g” 1  (d  hr"1,  th*  radiation  flux  to  which  Uia  aainple* 

•xpuaed  at  Ihf  Bruukhavan  National  laboratory  (l.timna  Facility.  With  tliie  compound,  the  aamplea  irradiated  at 
I  w«i»*  aubjat  ted  to  a  dote  rale  of  2,60  a  107  erg*  g,a  J  ((.'.)  hr*"*,  liuwevar,  thla  high**1  dean  rata  waa  ignored  for 
iheea  i  elc ulatinna, 

(b)  The  aeinplea  irradiated  at  room  tnmpe  raturM  and  teeied  al  I  40  *'  war*  Irradiated  at  the  Material*  T**»W<|  Ke*<  tot 
(iahiKia  KaiUMy.  The  radiation  doaaa  war*  aiightty  mgfi*)r  limn  ths.it*  by  »s*  .lample*  lin.diated  at  the 

It  rnokhuvirn  National  l.aH,»rat(  iy  fii*n«nta  Km  titty,  Kapnaure  iImmu  at  MTU  winv  u,  t,  >  »  Id7,  M  1  U** ,  0  ')  « 
ami  I,  J  a  lb1”  erg*  «"  1  (C) 

(*  )  (.'fried, 

(ill  Tlirna  dumbbell a  iMU'ii, 


TAllI.K  A 

10.  COMPARISON  OP  MECHANIC  A 1 

PRiiPSR  l  l  t'S  OP  NkOPRKNK 

ON  IU»hK 

t  urn-:  skh :k  -u 

1  KR 

IRRADIATION 

AT  ROOM  T  KM  Is  ERA  1‘UKK  /\NU  AT  l'>K  T,  AND 

WIVAK  III 

;A*I  AOiNO  A  1 

i  r>a  r< '  ‘  r? 

Irradiated  _  _ _ 

TUVwi  of 

Radiation 

Irradiation  or 
Heat  Aglngt*)* 

Dose 

ei  ««  g"  1  !<3) 

_ Irradi3.ted.it  RT  _ Irradiated  at  1  58  i‘ 

Tested  at  Tested  «t  Tested  at  I'eated  at 

_ lle.it  A g» 

Tested  ill 

dj\t  |_r»8  y.. 

fnstud  .it 

day* 

x  10  f 

RT _ 

_  Hi- 

_ 1 58  F  _ 

_  K  [■ 

is*r 

Tensile  Strength,  jnsi^ 

0 

0 

U3U 

I3M)  1B3U 

1  3  30 

1  It  K> 

i  no 

1-3/a 

0.  84 

-*  1  KM) 

1  .1*0 

23/4 

1. 60 

-  . 

17  40 

1  200 

.  . 

3-l/i 

1 

184*0 

U7U(<-‘> 

.. 

5- 1/2 

4.  »8 

1 ')  1 0 

1230 

7 

f  2 

I860 

USD 

-- 

... 

9-2/1 

*.  8  7 

«  - 

•-  20*0 

1260 

-- 

i  4 

».  4 

/I  50 

1460 

... 

71 

1  2.  6 

Broke 

1470 

.. 

•0 

-* 

-  - 

2010 

1  3H0 

,  r  « 

■  - 

2010 

I  '.10 

F  MiiA  jgcr  rent 

0 

0 

.19  U 

*20  190 

420 

390 

320 

1-37* 

0  84 

.. .. 

*•  >00 

230 

2-3/4 

l.tiM 

• 

260 

200 

.. • 

1-1/ 7. 

4.  1 

2*0 

130 

.  . 

4-1/2 

i.  ;i6 

1110 

140 

. .. 

7 

4.  4 

i  Hli 

100 

9-2/1 

v  Hr 

110 

70 

14 

8,4 

1(1(1 

40 

-- 

- 

21 

»2.( 

it  inks 

,u> 

. . 

•  - 

40 

-- 

... 

... 

2*i0 

1  HO 

l»lt 

1  (.It  dues e  j  OIiiji  w  A 

210 

170 

0 

If 

7  i 

71 

y  i 

7  » 

V  1 

1-3/U 

0  84 

-  - 

V*i 

7*1 

.  » 

2-  1/4 

1  (.M 

.  .  7'i 

r\ 

. . 

1'  1/2 

4,  1 

78 

84 

-  - 

4-I/7 

M> 

.  - 

71 

1 

4,  / 

40 

Ml 

-  - 

92/1 

ft,  H7 

Ml 

»*, 

u. 

l< 

8,  4 

• 

71 

... 

2  I 

12.  6 

•Pi 

40 

-  - 

... 

... 

80 

ISO 

... 

-• 

84 

A~49 


TABLE  A -40. 

{Continued) 

Time  o< 
Irradiation  or 
Heat  Aging(°) , 

day* 

lrreHis  ltd 

Heat  Agen  ut  1  58  F 

Radiation 

Doaa, 

orga  g*‘(C) 

X  10"“ 

Irradlatad  at  RT 

Irradiated 

at  153  F 

Tested  at 

RT 

Tested  a,t 

159  rlb> 

Taatad  at 

RT 

Tested  at 

ISB  F 

Tested  at 

RT 

Tested  at 
158  F 

200  Per  Cent  Modulus,  psi 

0 

0 

1340 

930 

1340 

930 

1340 

930 

l-J/8 

0.  B4 

-  - 

— 

1630 

1210 

-- 

2-  S/d 

1.68 

-  - 

-- 

1620 

1270 

-- 

1-1/2 

2.  i 

1660 

Broke 

-«• 

-- 

-  - 

5-1/2 

3.  36 

-- 

Broke 

Broke 

.. 

7 

4.2 

Broke 

Rrnka 

-- 

-- 

9-2/  1 

9.37 

-  - 

-• 

Broke 

Broke 

-- 

.. 

14 

1.4 

Broke 

Broke 

.. 

-- 

-- 

21 

12.6 

Broke 

Broke 

-« 

-  - 

-- 

50 

— 

-- 

.. 

... 

-  . 

1990 

Broke 

150 

-- 

-- 

-w 

-- 

20JOH) 

Broke 

(»)  Tftftl  valuer  Cor  fht  heat-egad  templet  ftr«  placed  in  tliftir  approximate  relatlonehtp  to  the  aamplea  irradiated  at  I  SB  r 
biftftd  on  the  Urn*  oil  eKpoeura  to  th*  ftlftvfttad  temperature,  The  tima  ol  irradiation  waa  computed  bv  dividing  the 
expoaure  doa*  by  tha  doaa  rata,  t.  32 x  I07  erga  g- 1  (C)  hr*1,  "ia  radiation  Huh  lo  which  tha  aamplaa  wara  axpoaert  at 
tha  Brookhevan  National  Laboratory  Gamma  '/acility. 

(b)  Tha  aamplfta  irradiated  at  room  tamparetirr  and  taatad  at  iSI  F  wara  Irradiated  at  tha  LittarUla  Totting  tleaotot 
Gamma  Facility,  Tha  radiation  doaaa  wara  allghtiy  hlghnr  than  thoaa  racaivad  by  tha  iamplaa  Irradlatad  at  tha 
Utookhaven  National  Laboratory  Gamma  Facility,  Expoaure  doaaa  at  MTR  wara  0,  2.  2  x  10?,  4,  4  x  10?,  (.9  x  10?, 
ami  I.  3  x  I0>'5  erga  g"1  (C), 

( c )  Fntir  H>n,,bb*lla  taatad. 
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TABLE  A -4',:.  EFFECTS  OF  NUCLEAI!  RADIATION  ON  Tilt  PHYSICAL,  MECHANICAL:  AND  ELECTRICAL 
PROPERTIES  OF  A  1  AO -POLYESTER  AND  A  SILICONE  LA  LUNATE 

_jrra_<il»cJ  _  x  lQ0 
NonlrudlAicd 


L-4232  TAC 

•Pulyemi'r 

DC -2I00  Silicone 

Type  of  Ten 

. . i.T.» 

460F/1/2 

lit  600  P/100  Hr 

R.T. 

460  P/1/2  Hi 

600  P/100  Hi 

Tea* loti  t,  eii 

94.3 

04.0 

111.0 

101.0 

07.0 

02. 2 

(907  w«p) 

Primely  modulut 

101.3 

03.  U 

121.0 

08.3 

102.0 

«2.6 

Secondery  mttdului 

K'H.O 

104.0 

110,0 

•.! l 

•H*.  u 

00,7 

Comptculon  men 

Bl.fi 

140.  0 

114.L 

U0.fi 

U4,0 

80.  6 

(BO*  w*rp) 

Primely  modului 

m„o 

mo.  o 

HO,  2 

loo.o 

112,2 

110. 8 

Flexure  men 

111*.  2 

140.0 

li(V* 

HO,  0 

74.0 

100.  0 

(U0*  WDIp) 

Pilmery  modulm 

100.2 

110.0 

11(1.0 

00,4 

02.  H 

101.0 

ImerUiuliini  diiutr 

74.11 

'.M,  0 

■IV,  0 

7H.  *,! 

70. 0 

77.  1 

mennili  (110*  wmp) 

Impac'.  Mtnnglh 

h:i.  4 

-• 

131.0 

*" 

.. 

Speclflt  brevity 

100,0 

-- 

... 

100.0 

■■ 

Ketln  cwiienl 

100.11 

-- 

loo,  U 

-- 

Hleleuulc  cunum 

10J.I- 

-- 

-• 

101.0 

... 

-- 

Lull  uilycm 

Oil.  4 

- 

-- 

M>.  ft 

.  .. 

-- 

Note:  Hxpinuie  doic 

W4S  1.  7  X  ln!l 

1  cipi  y,'1  (G)  ('„• 

X  lO7  liK  liipr.m  kind  li,  ! 

X  1  <> 1  ■'  I1V„|), 
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TAI1LK  A  -It,  COMPARISON  OF  PKK-  ANO  POS'HKK API ATION  MECHANICAL  I'ROPKR'I  IKS 
OF  U  TYPLS  OF  LAMINATES  1  '  M 


Dt<&t.ripUon  of  Laminate 

nioi(n> 

U)  timnt  -* 
Tonsil  o 
Strength, 
pat  x  10" d 

Modulus  ol 
Elasticity, 
pai  x  10" 6 

Ultimate 

CompirsHiV' 
Strength, 
pill  x  10"  3 

c  Noli  h 

Imp  act 
lb  in.  **  1 

Specific 

Gravity 

Renin 

C  or. Unit. 
jn*r  font 

Phonolit  ream  f Conolon  606)  and 

Control 

•>2  l 

J.  57 

o4.  0 

175 

1.  98 

ll.  5 

ylaaa  fabric 

1 

SI.  A 

7.  16 

64.  00 

176 

1.  /7 

22.  4 

l 

51.  S 

J.  17 

63.  7 

166 

1.  06 

21.  0 

3 

45.  5 

3.  0J 

65.  0 

13J 

1.  77 

22.  7 

4 

52.  fi 

i.ll 

06.  0 

ISO 

1.7  V 

U.  0 

Phenolic  realn  (Conolun  506)  and 

Control 

)  1.  V 

1.  26 

16.  0 

<4 

1.  64 

62.  7 

M ei l> — f* t o ft  fabric 

1 

1/5.  0 

1.  I-*- 

17.  0 

32 

1.6  7 

60.  S 

2 

1/.  4 

1. 1« 

16.  5 

32 

1,  56 

64.  t 

i 

12.  6 

III 

16.  i 

31 

l.  SH 

60.0 

4 

1  3 

1,0“ 

16  4 

27 

1.  66 

61  H 

Phenolic  ream  1 7.0- 19)  ned  glass 

Control 

4  3.  > 

7.  07 

til.  7 

1)5 

l,  86 

l\.l 

fabric 

1 

38,  U 

3.  11 

o0.  7 

2.  6 

1,  72 

21.6 

2 

51.  V 

7.  HO 

61.  7 

110 

1.  7  ll 

2|,7 

3 

«<.,  <> 

3.  04 

62.  «* 

III 

1.71 

2  ('  i  2 

4 

55.  3 

3.  Otl 

57.  u 

i  3H 

1.  74 

21  0 

Phenolic  rritii  (KtiO'lif)  »ml 

Control 

Pd  1 

1.  41 

1  3.  7 

47 

1.  nil 

•ill.  7 

ttibaatoa  fabric 

1 

17.  ‘1 

1.  4  2 

14  6 

5  7 

1.6) 

7  1.  O 

2 

Pd  2 

1,  )*• 

14.  4 

7  ( 

1  06 

6  4.  o 

J 

IS,  6 

i.  n 

14  1 

42 

1. 0(1 

6  t,  0 

* 

IH,  2 

t.  »• 

14,  0 

<u 

1.01 

6  1  4 

r*-fjin  (Mt.Kttoy  AH  *61)  and 

Cunt  ml 

,;o. 

»,  »0 

47.  7 

60 

2.  00 

2.0.  2 

«*UaauiN  iMhrii 

i 

20.  U 

i.  ii. 

Jl.  0 

00 

2,  01 

1  7.  6 

t 

27,  f. 

i  1 1 

/.!.<• 

66 

1,  44 

Pi,  2 

\ 

Ill  u 

3.  21 

26.  4 

fill 

1.7/ 

1  4,  <, 

A 

20.  ft 

1.  *7 

27.  1 

Hit 

1  44 

20.  0 

Phminlt*  vail  lit  {Mobility  ami 

Control 

ltd  7 

1.  IV 

7.  1 

17 

1,7  1 

Pi.  H 

anbaMti*  faUrti 

1 

n.i 

1. 1 1 

M,  7 

16 

1,6  4 

•4.  6 

l 

0,(1 

1.  III 

7,  H 

IH 

1,  4,1 

16,  ,1 

\ 

IF  2 

1.  /.I 

6.  4 

tit 

1.  47 

2H  t 

A 

».!. .: 

1 ,  OH 

H.  7 

•  6 

1 .  oh 

*1.7 
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TABLE  A-47  EFFECTS  OF  KRAUATMDN  ON  MECHANICAL  HtORRTIES  OF  STRESSED  AND  UNSTRESSED  NATURAL  RUBBER  O -RINGS*85) 
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TABLE  A-48.  EFFECTS  OF  IRRADIATION  ON  HARDNESS  AND  COMPRESSION  SET  OF  UNSTRESSED 
NATURAL  RUBBER  BUTTONS <85> 


Spaclman  Expoaure(a) 

Hardnaaa 

SlgnUlcanca 

Compraaaion  Set<b) 

Shora  A 
Duromatar 

Moan 

<93  Par  Cant  Changa, 

Confldanca  Intarvai)  par  cant 

Per  Cant 

Maan 

(95  Par  Cant 

Conlidanca  Intarvai)  Significance 

Control  | 

0 

3t 

14.1 

2 

0 

31 

7.3 

Rajact 

3 

0 

40 

10.  1 

4 

0 

40 

12.0 

5 

0 

11 

11.  3 

6 

0 

31 

39  41 

13.4 

12.7  a  2.0 

Irradlatad 

1 

30 

9.0 

1 

34 

7.9 

1 

31 

10.5 

1 

11 

7.7 

1 

36 

36  al  -3 

NS 

10.  1 

9.5  a  1.4  S 

2 

47 

3.7 

2 

43 

3.7 

2 

«c) 

2 

44 

6.7 

2 

44 

43  02  415 

S 

5.6 

6.0  0  2.0  S 

) 

<c> 

> 

46 

3.6 

3 

40 

% 

7.6 

3 

33 

3.6 

3 

46 

49  as  +*•> 

s 

6.7 

5.  7  a  2.  9  S 

(•) 

Dose  for  Indicated  Exposure 


1 

» 

a* 

3 

Intagratad  k' aal-Nautran 

Flux,  n  cm-1  <E  >  2.  9  Mav) 

5.2  x  1013 

2.7  x  IC>® 

5.  3  x  I0H 

Intagratad  Thermal -Neut 'on 

Flux,  nv0l  (E  >  0.  46  ev) 

2.  1  x  101* 

8,  4  x  101* 

1. 7  x  1015 

Intagratad  Gamma  Tlux, 
arga  g”1  (Cl 

6.0  x  10® 

3.0  x  10? 

6.0  x  10? 

Total  Doaa,  arga  g*1  (Q 

(b)  Compraaaion  aat  maaaurod  altar 

6.4  x  10®  3.2  x  I09  6.  3  x  10? 

irradiation  st  unatraaaatl  buttons  Method  ASTM-D-395-55  (constant  deflection) 

1  x  100  *  p er  can!  aat, 
tj-lj 

where  Ij  -  original  ibieknew* 

*  thicknaaa  altar  compression  24  hour*  al  room  temparaturc 
1 3  *  thickness  during  cotnpreaaion  (0.  >00  inch). 

(c)  Specimen*  crackad  excessively;  could  not  ba  laatad. 


A ..  SO 


'1 

a 

I 

* 

o 

< 

z 

o 

f? 

Z 

a 

a 

a 

$ 

% 

a 

r«( 

o 

t/i 

f-* 

u 

w 

Cu 

Ut 

« 


<T> 

't’ 

I 

< 

M 

f-1 

« 

iS 


00 

•  H 

10 

to 

»  I 

.9 

u, 

O 

o 

sC‘ 


<0 

«- 

a 

n 

9 

tl 

H 


(d 

V 

Zi 

*■» 

w 

ft) 

(- 


*  r"  (0 

«  bj  ^ 

£n  O 

H  ^  A 


oO 

a 


t1 

.9  -H  w 

1  tfc  -% 

o  ^ 


a 

o 

It 

<u 

fit 


“■a  s 

53«5 
6  * 


CO 


.H  | 

CT> 

00 

©. 

o 

r> 

o 

o 

o 

o 

o 

*. 

o 

r*v 

o 

© 

o 

o 

o 

© 

4-J 

“-4 

•4 

rsi 

rO 

M 

r\j 

^4 

V) 

;  , 

• 

• 

• 

, 

# 

, 

p 

, 

w 

o 

o 

© 

O 

o 

o 

o 

o 

o 

o 

o 

H 


0) 

>  4) 
f>  fX 

k.  H 

O 


'J  Ixj 
O 

nO  O 
o 

S  in 

pL,  ti 
rT  * 
T3 

^  *> 
<1-  r— 4 

*'■4  •  ft 

<d  td 

D  Vi 

W 


§  f1- 


§  r'J 

W)  vD  ©  aQ  vO  o 

c?  ,,  «  d  _  o 

th  -«>  >t4  O 

—4  4*»  w  +J 

o 


^  «! 


«  "V 

O  $ 

R'  * 

J  4) 
t/J 


9*  «i 

IJ 

t!  ^  « 

o  ft)  —4 
X  <~4  -r* 

9<  id  <d 


lM 


u> fir 

£o  g  o 
■5  O  ^  o 

^  \D  vO 

13  O  rtJ  O 

o  +*  _  •»-* 

r*  TJ  JjJ  TJ 

£  iJ  d  .3 

&  id  id  <d 
n>  ty 

M  W 


m' !u 


o  2 
vo  2 

vO 

4** 

">  s 

»  •'C 

*-H  V 

—4 

id  id 

’4-4 


Ui 

o  _ 
o  2 
vD  c 

vO 

*  $ 
t!  *o 

:3  * 

d  <d 

*  A 


^  uT h 
Sg§ 

H  O  M 
sO 


■g  V  *s  0 

,S  «  J  d 

•t-J  p-4  -r-t 

it  n!  nj  t) 


^-i  44 

to 


•H 

Q 


1  ^ 

r*"l 

r- 

U' 

U1 

d< 

rj 

w 1 

^4* 

*n 

o 

■d* 

»rl 

»^i 

m 

1  ^ 

INJ 

r>J 

n 

N 

0s» 

*  *  f.  ■•  f. 

to  k  In  ‘  ■ 


id 


_  ~  O 

°  tO  ^  O 
^  N  ^  <0 
sO  vO 

4-»  4^ 

^  rd  t? 
rrj  fd 
•Tl  _  'rt 

x«  i 

0)  r-H  1’  ^ 

»— t  *~*  *r-4 

(d  rtJ  id  fiJ 

<D  VH  4)  V4 

v)  u5 


rvl 


t 

Ml 

00 

t>0 

bO 

w 

00 

H 

V 

> 

> 

> 

F 

> 

•*i 

it) 

<d 

id 

fd 

«d 

•a 

0* 

o 

o 

^4 

rO 

0* 

Ul 

tri 

•i4 

V 

f- 

d* 

r- 

V 

*— 1 

-♦  1 

1  "* 

—  4 

>— 4 

t-4 

H 

l*.l 

• 

o 

o 

o 

© 

o 

d 

■o 

oo 

M‘i 

U-) 

m 

r- 

d4 

-4 

• 

t 

* 

• 

4 

1 

, 

i 

1 

i 

, 

00 

rd 

f" 

,£> 

1^ 

00 

vt) 

vO 

tc 

si) 

r*v 

(SI 

IS) 

«4 

r'j 

!>• 

Jh 

nj 

d 

id 

i . 

It 

3 

-4 

d 

it 

3 

J-t 

<1* 

4) 

W 

1. 

00 

CJ 

W) 

It 

4) 

At 

A, 

d 

4) 

d 

At 

/J 

4/ 

a 

J 

d 

aJ 

a 

d 

2 

i'-j 

At 

(i 

*-* 

*-> 

M 

d 

*-» 

1.) 

*d 

4J 

O 

A 

4/ 

4J 

u 

0 

o 

a; 

0 

O 

if) 

4* 

y 

«;) 

» r> 

4) 

nl 

m 

_t 

fri 

> 

If) 

0^ 

m 

> 

A  -(><) 


TABLE  A -08.  TENSILE  STRENGTH  AND  ELONGATION  OF  SEALANT  SPECIMENS  IRRADIATFD  IN  AIK (17) 
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son  *  in 

173  t  10 

3  ID9 

1,  8  x  lltlf* 

7 

120 

23 7  i  lit 

109  t  18 

7  x  HI9 

It  x  10J,» 

7 

[Hi 

Hll  t  23 

40  i  1 

EG- 1010 

Control 

Control 

-- 

Stl 

1S2  t  14 

120  i  V.H 

2  x  Id9 

1,  8  X  10*6 

7 

!;  ['Ai 

74  i  HI 

HU  \  M 

7.6 x  in9 

7  x  in19 

V 

30 

20  i  9 

31.  l  2 1 

tc-lftiili 

C.nil'o) 

tolilrol 

SO 

127  i  1H 

140  l  22 

2  x  It)9 

1 .  It  x  1 0 1,1 

7 

usu 

02  t  i  i 

t 10  t  27 

— - 

7..i  X  Id9 

v  x  ioi;> 

7 

so 

33  >  IS 

37  i  10 
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TABLE  A  -42.  PEEL  STRENGTH  OF  SEALANT  SPECIMENS  IRRADIATED 
IN  AIR^  l7> 


Approximate 

Average 

Average 

Dose 

Air 

Peel 

Cohesive 

Gumma,  Nuul  »<>(>. , 

Tompu  r  jture , 

Strength, 

Strength, 

Material  ergn  u  “  *  (c)  i,  cm"*  (E  >  !).  VI  Muv) 

!■' 

lb  in, -* 

per  cent 

PR-  142/ 


EC  ■  1610 


Control 

Control 

-  . 

43 

100 

i .  r»  x  io,; 

1.4  x  1C  1  s 

90 

42 

100 

7  x  10“ 

1  .lx  1 0 1  * 

90 

41 

LOO 

l.  1  x  10'> 

2  x  10  *  *i 

90 

48 

100 

6.  4  x  1()H 

1.  1  x  10** 

90 

44 

100 

l.  4  x  1010 

1.  2  x  tO1'1 

90 

6 

100 

2  x  10 10 

1.4  x  10 16 

90 

t , 

100 

l. 4  x  10 10 

1. 2  x  10 

90 

7 

100 

l. 4  x  1010 

1.  2  x  1 0 1 6 

90 

6 

100 

Coot  rol 

« iontrol 

m  h 

20 

100 

6  x  10B 

*1  x  10 14 

90 

14 

100 

1  x  10y 

9  x  10M 

90 

24 

100 

1  x  lo'> 

0  x  10 14 

90 

26 

100 

1  x  10‘> 

1  x  SO1'* 

90 

14 

100 

1,  4  x  10l° 

1.  2  x  10H’ 

90 

4 

loo 

1  x  10  10 

9  x  10  1S  . 

90 

4 

100 

1, 4  x  10 10 

1 ,1  x  10 10 

90 

4 

100 

2.  4  x  10  1(1 

1. 4  x  1016 

90 

2 

100 

'1 


A  -  ft  2. 


TABLE  A-03.  PEEL  STRENGTH  OK  SEALANT  SPECIMENS  IRRADIATED  IN  FUEL  <  l'> 


Material 

Gamma, 
ergtg’1  (C) 

00*0 

Neutron, 

u  cm  **  (£  >  u.  S3  Mev) 

Iinmeralon 
Time  Before 
Irradiation, 
days 

linmtislort 
Tittle  After 

litaduiion, 

dayi 

Avt.age 

Peel 

Strength, 
lb  in. " 1 

Average 
Coheilve 
Strength, 
pet  r  ent 

PR -1422 

Control 

Control 

_  m 

30 

43 

100 

3  X  109 

i.O  X  10lb 

7 

30 

27 

100 

1.2  x  in10 

0  x  101& 

7 

30 

H 

100 

EC-1019 

Control 

Control 

30 

1H 

100 

2.0  x  !0W 

1.4  x  I0l6 

7 

30 

21 

J  00 

l.  2  x  10*° 

u  x  ia,ft 

7 

30 

3 

100 

TABLE  A-ftl.  COIKSJVE  STKENUTd  1*  SEALANT  SPECIMENS  IWUI.'IATKU  IN  A1H<  U> 


Type  M  Failure 


Material 

Gamma, 

«"*  (a> 

I  la  laM 

Neutron, 

II  cm (E  •  0.  33  Mev) 

Approximate 

Ail 

1  rmporature, 

K 

Average 
Coltaah  n 
Strength, 

pit 

AdlH-iivu 
Strength, 
par  cent 

Average 
Colltillvo 
Strength, 
per  cent 

EC -1620 

Conrml 

(rfjntrul 

„  . 

177  t  32 

0 

IllO 

St,  4  x  10w 

1  x  10 1!i 

HO 

173  t  22 

0 

100 

1  x  IQ10 

1  x  lol» 

uo 

134  i  10 

(J 

100 
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TABI.F.  A 

-06.  COMPRESSION  SET  AND  SOFTNESS  OF  VlllCANlZATES  AF  PER  EXPOSURE  '  O 

10«  ROENTGi 

ENS 

Rubber 

Curing  System 

Antioxidant 

lllgli  Resonant 

Energy 

Ingredient 

Comp. 

vSoftllCSS 

Indent. 

mm 

Natural 

Tiilonex  (1)  -  sulfur 

80 

39 

Natural 

Thlonex  •  sulfur 

Ncozono  D (2; 

73 

50 

Synpol  1000 

Thlonex  -sulfur 

83 

31 

Synpol  1000 

Thlonex  -sulfur 

Neoaone  D 

n 

48 

Naugapul  1023 

Thton  ex-sulfur 

56 

3f> 

Naugapol  1023 

Thlonex  sulfur 

Ncozono  D 

7  y 

60 

Syupul  1600 

Tldonex-iulfur 

70 

43 

Synpol  1600 

Thlonox-iulfui 

Neozone  u 

('** 

69 

Syupul  1600 

Tltltmex -sulfur 

Saimiftex  GP  <0> 

65 

04 

Synp'O  i  unu 

Thlonex 'sulfur 

Thermoflex  A  (4) 

60 

60 

Syupul  1600 

Tliluiiux'  sulfur 

Therinuflex  A 

Ill  benzyl  phthalate 

40 

04 

Synpol  1500 

Tliton  ex-sulfur 

Acridine 

04 

08 

Synpol  11100 

DK.'np  40C  (ft) 

00 

48 

Naugapol  1604 

Tlilonex-sulfur 

80 

28 

Naugapol  1604 

Tlilouci-tullui 

Neozono  U 

71 

46 

Hyoat  2001 

Tliluriex-rullur 

HI 

40 

Hycar  2001 

Tlllunax -sulfur 

Meoznue  U 

711 

62 

Hycar  1001 

Tlilomv  kulfm 

H3 

«!rt 

M  y ear  1001 

Tlilixsex*  sulfur 

N«ir.i>iie  D 

77 

40 

Hycar  1002 

ThinucX"  sulfur 

84 

'l‘t 

Hycar  1002 

Thlniiex  “sulfur 

Nouzunu  1) 

78 

:jh 

Hycar  1014 

Thlonex  -sulfur 

HO 

Zb 

Hycar  1014 

Thi.uw.x- sulfur 

N ©ozone  l) 

80 

42 

Hycar  1041 

Thlonex -sulfur 

88 

StlO 

Hycar  1041 

Thlonex -sulfur 

Ncsuoiie  11 

F/2 

41 

Hycar  1041 

Thlonex  -sulfur 

Nfozouc  D 

s/rintlc izcr  1G0  (li) 

Ofi 

L)H 

A  -  64 


1  AIU.K  A-h5.  (Continued) 


Rnbbei 

Curing  System 

Aiuioxidani 

tligli  Remnant 
Enorny 
Ingredient 

(  omp. 
Sot  ■/,. 

Softness 

Indent. 

linn 

1  lytar  1041 

Tliionea -sulfur 

Aye  Rile  llinai  (7) 

(10 

52 

llyear  1041 

DiCup  401’ 

01 

31 

Uycat  1042 

Thionex-sulfur 

33 

27 

Hycti  1049 

Thloncx-sulfur 

Neozone  i> 

74 

41 

Hyear  1043 

Thlonex -sulfur 

32 

Myt.il  1043 

I'fltonoM -xult'ur 

Neozouc  D 

74 

31 

llyear  1011 

Thioncx-tulfiir 

7(1 

23 

llycai  in'll 

Wonex -sulfur 

Neozmie  D 

71 

43 

ilycai  1073 

ihiuiicx-jui/ur 

7D 

21 

llyear  1073 

Tiiiunex-iuUui 

Nr.oznue  1) 

07 

10 

Myn*r  1073 

7  lilnni'M -mlfiir 

Wlngnay  mo  (H) 

Oh 

41) 

Phllpmie  VP -25 

Ethyl  Tuttll  <0) "H'd- 
r«tan  H  (l(i) 
p-  xylene  liexarltlnildc. 

77 

12 

Nc  .plena  Will 

ThUlc  U  (11) 

87 

18 

Neopicno  WKT 

TllUlri  H 

Ni'o/.ollo  A  (12) 

74 

IIH 

V lloil  A-IIV 

IIMDA  t.ubamaiu  (13) 
itlne  mridu-DypIliil  (11) 

1(10 

33 

cicmiiaiiv  ;; 

till  lip  401.' 

111 

HIM 

AdlprwtO  1  i 

Olt.'np  4oi : 

Mr 

l>4 

Adlpruie  I.' 

OK  Alp  40( 

SaoUclxcr  100 

Mi* 

07 

llyear  4021 

Tilctiiylcne  letrauilnr. 

:m» 

AH 

silicone  VI 00 

ntlcnlur/  butyl 
prroxlUu 

OH 

22 

Sll«’,!li:  S204W 

Mol  known 

07 

.10 

SllaiNc  I.S-33 

Not  kmiwii 

_ 

UKJ 

40 

Komimii  ■.  appear  on  Hie  following  page. 
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Footnotes  for  Tabic 

*  Some  of  the  specimens  were  crushed  ihiring  the  period  of  <  oinpicsslon.  This  indicated  that  the  ultimate  elongation  1 1  the 
vulcanic, ate  was  marginal. 


(1)  Tetramethyl  tliluram  :»om>SiiliTdc 

(2)  N-plieny'.-hcta-iuphtliylatni'ie 

(3)  N  -cyUolicxyi-N'-phenyl-p-phouylcnrdiauiino 

(4)  tiV/o  N-phaiyl-beta-naphthylamlnc 
25*  4,  4'-dii»ethoxydiphenylamlnc 
25flfeN,  N'-dlphenyi-para-phenylcuedlaminc 

(5)  40^  dlcui'tiyi  peroxide.  inett  filler 
(0)  Butyl  benayl  plithaiate 

(7)  5(Wi  p  ikoprnpmty  tllf.licnylamlne 
GO^Sj  diphenyl -p-nliwiylcjictUamijic 


(B)  Composition  not  disclosed  by  manufacturer 

(9)  Tetraethyl  ihiilrr..'!!  disulfide 

(10)  4, 4  ‘-tlithio  dlmorpholinc. 

(11)  "i  tiolltyl"  thiourea 

(12)  N -phenyl- alpha- napluhyl amine 
(1.3)  Hcxamethylcnr  diamine  carbamate 
(14)  Dibasic,  lewd  phosphite. 
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table  a-  r.6.  hompakisonof  mechanical  i-kopkiii  n:s  or  nkoph  kne  packinc  cumpounu'-^afteu 

IUKAU1ATION  AT  ROOM  TEMW.KA  l'UKK  AND  AT  IV)  F,  AND  AFT KH  HEAT  At,  INC,  AT 
I5ti  iM'lt 


TItna  of 
Irradiation  or 
Hitt  AglngW, 

days 

Kadiatlun 

Dote, 

org»  g-'lC! 
x  10-1* 

irradiated 

_  Irradiated  at  HT 

Tested  at  Tested  ;*t 

HT  1  56  l'('  ) 

1  r  radiated 
Tested  at 

HT 

JiAj.™  F _ 

Tee  led  at 

1*58  F 

_ Heat  AkocI  at  1 58  F 

T«*tcd  at  Tee  ted  at 

HT  1  SR  F 

Tcneilf  Sir 

G 

0 

2!  30 

4C0 

21  30 

400 

’130 

400 

l-J/8 

0.  fli 

1470 

M-iM) 

2-1/4 

1.69 

-- 

.. 

f/  or 

250(rt) 

1-1/5 

-- 

•  - 

... 

.  - 

J7C 

3- » /- 

2.  1 

7  40 

260 

. . 

1-1  n 

1.  16 

-- 

ISO 

120(>0 

... 

7 

4.  2 

300 

240 

.  - 

..  . 

„„ 

9-2/5 

5,  87 

-- 

-- 

UJ 

MOl'H 

„  „ 

14 

B.  4 

350 

ill) 

.. 

.  - 

iOO 

ll 

12.6 

broke 

uo 

... 

2H 

-- 

... 

lauo 

.  • 

96 

*  * 

... 

-- 

-- 

1010 

1  Kl 

70 

"  " 

■  ” 

... 

1  04  0 

,  <  ent 

0 

0 

7/.0 

340 

700 

140 

71.0 

140 

1-3/8 

0,  U4 

-  - 

-- 

4  70 

2.1  (><■') 

2-1/4 

1.68 

•  - 

270 

1/0(0! 

ii/:t 

- . 

.  - 

.  . 

3-1/2 

2.  1 

27(1 

M0 

,. . 

i-i  /  /. 

).  36 

1  U) 

I/Ill'1) 

7 

4.2 

tut) 

Ml 

Y-2/1 

4.87 

HO 

/.(><•<) 

14 

H.  4 

40 

10 

41 

12.6 

UlllllU 

4*0 

28 

... 

(.in 

•n. 

— 

i  -'U 

270 

ia 

II  • 

1,6(1 

{Ul(thMN| 

Him  re  Af 

0 

u 

44 

4‘i 

4S 

4*1 

4'i 

45 

1  1/4 

0.  HI 

,  u 

4*i 

4H 

2-  1/4 

1,66 

'<  S 

3-1/4 

1-1/4 

7..  1 

4  1 

1-1/4 

i.  Hi 

fit » 

M) 

„ 

7 

4.  »* 

fid 

<•'1 

(-2 

(i*‘» 

M 

B,  4 

7  *. 

71 

21 

1  ^  6 

7H 

/.  H 

•- 

... 

•17 

_  „ 

SO 

-- 

\r 

. 

A-t: 


TABLE  A  •  5 r>.  (i'ciiil j uuc<li 


Irradiated 


i  im*  of 
Irradiation  or 

Radiation 

Dote. 

lr  radiated  at  H  T 

Irradiated  at 

158  r 

Heat  Agtid  at 

TjvStovi  rtl  l 

158  i 

Uoal  A*li>g<b), 

ei'K*  H  1  K-) 

Toiled  at 

Toc  tetl  at 

T«eied  at  Tested  at 

tiain  d 

day* 

x  Hr0 

It  r 

iro  rtO 

RT 

i  so  y 

RT 

1  5o 

0 

0 

2C9 

200  Fer,Cai)t 

170 

Modulo* t  pel 

200 

170 

200 

170 

1-3/8 

0.  R4 

-- 

.V. 

270 

Ilrnka 

2-3/* 

1.69 

-- 

300 

Broke 

-- 

.1  Hi 

-- 

.. 

200 

3-1/2 

2.  1 

42.0 

broke 

-- 

.. 

5-1/2 

1,  36 

-- 

• 

Dr  »k* 

B  roke 

-- 

-- 

7 

4.  2 

Dr  oke 

Broke 

.... 

... 

-- 

9-2/1 

S.  R7 

-- 

... 

broke 

Broke 

-  n 

M 

8.4 

broke 

Broke 

.. 

..  ■ 

.  . 

240 

21 

12.  6 

broke 

broke 

.. 

.. 

-  . 

i6 

»  - 

-- 

... 

-- 

130 

... 

•ib 

-  - 

-  * 

-- 

-- 

210 

230 

70 

-- 

-  - 

-- 

230 

.. 

U)  Nao.pi  ■in  W;N«(i|ii  W||V  ,  hG|40, 

(b)  Teat  valuae  fur  tha  haat^agari  sample*  ns  piacwd  in  their  approximate  raletiun  'Up  to  the  temple*  irradiated  at  l  SB  b' 
based  on  tha  lima  of  cKpoaur*  tu  tha  elevated  Uimpeiniua.  The  lima  of  irradiation  v/a*  eompntfd  by  dividing  the 
exposure  done  by  lha  doae  rata,  2,  12  n  10?  erg*  g*  *  (C)hr"l,  the  radiation  flux  to  which  tha  aamplea  wara  aar^aad 
at  tha  biuokliaveti  National  Laboratory  Uatiunit  facility. 

(<:)  The  sample*  Irradiated  at  room  temperature  itml  tested  at  15H  l'  w«i«  irradiated  at  tha  Malarial*  'lasting  Reactor 
Gamma  facility.  Tha  radiation  doaa*  wore  •lightly  higher  than  thuea  received  by  tha  •ample*  irradiated  at  tha 
Wi  uoWhavan  National  Laboratory  liai'uma  facility,  fxiKiaiira  due**  at  MTU  ware  0,  ?  •»  III  ,  4,4  u  ttW,  ft.  b  *  10^, 

and  1.3m  i  U,v  arga  g  1  <l.), 
id)  four  dumbbell*  tested. 
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TA3UC  A-ir.  EFFECTS  OF  1RKADIA  TION  ON  COl'CH.YMKHS  OF  METHYL  MKTIIACH  Y  LATE*  1  101 


Ocmonumfl  r 

k'«*  r  UfTllt 
Comonome  r 

Maximum  Radiation  Done 

Kr#u  Ci"  ^  (tj)  Megarocntgcn* 

KfftH  t  a 

Kthyl  methacrylate 

50 

It.  8  x  10« 

10 

Nunc 

too 

II.  B  x  I0H 

10 

Degradation 

Octyl  methacrylate 

in 

b.  *  m  i0H 

10 

iJryradjjliun 

r»o 

H.  H  x  Id" 

to 

Degradation 

Methyl  acrylate 

to 

4.  7  <  10'* 

54 

Degradation 

'.*0 

B.  H  x  J O’' 

100 

liv./nitiud  molecular  weight;  null 

00 

H.B  x  Id" 

100 

Irmuluble  (Ujla),  poll 

mo 

x  Id" 

75 

IiiBOxublr,  iolt 

leobuiyl  acrylat* 

10 

fi.  B  x  1UK 

10 

Degradation 

HO 

4.  7  x  Id" 

S4 

ln»ohkl),ii1  nunc  ((.’!>!)  0>) 

M0 

H.H  X  Id" 

100 

Inayluhlc;  uoft 

100 

4.  7  X  1111' 

S4 

Inaohtble,  pah 

Octyl  acrylate 

10 

H.  B  x  III" 

10 

D«i  g «  .*u*»U'-'P 

St) 

h.  i:  x  id" 

100 

inaimiou.  J'J);  "<iiu  «‘lt  1) 

MO 

(>.  (i  X  Id" 

7S 

lliluKibhi  (J),  *oft 

M>n 

4,  7  x  10" 

S‘l 

Inauluble,  eu/i 

Methyl  alpha  -  i  hi o rua crylete 

10 

U.  II  x  lu" 

10 

Dagradallnn 

SO 

B.  H  x  10" 

10 

Degradation 

00 

B,  H  x  Id" 

10 

l>rgt  itildUuit 

100 

H.H  x  I0H 

to 

Deyr  ailaUon 

Vinyl  ■<  uiulu 

10 

H.H  x  10" 

Id 

IlDgrxiUlIlm 

so 

H. «  x  Id" 

Id 

IJMglluIrtU'MI 

70 

i:.n  X  id'' 

Hid 

lllMolubU,  IIUItH  (tlDT) 

100 

0.  (:  x  Id  ' 

vs 

luBuluhl'tj  luma  ((1MT) 

Altyl  a«-eiatv 

10 

H.  11  x  Id" 

10 

LI«UrxUxllu(i 

su 

H.  II  «  111" 

Id 

Degradation 

ttty  t*  wntf 

lu 

H.  II  x  Id" 

Id 

Degradation 

so 

B,  B  «  Id" 

10 

Ni».ic 

Vl» 

H, B  X  Id" 

to 

Nun* 

100 

H,  H  «  III" 

ID 

Non*' 

H-tJIt'hloi'ualyrerio 

1U 

H,  B  x  III" 

Id 

Degrade!  lull 

sn 

B.  B  x  Id" 

IK 

11  kUil 

VU 

II  B  x  IU" 

10 

Dipgredntioii 

Ai  1  ylunU  r  11  r 

10 

4,  7  x  III'’ 

S-1 

Degt  aiUl  l  tin 

iO 

4.  1  x  Id" 

S4 

Ui'UI  xdxll'.'tl 

10 

II.  II  x  1"" 

100 

InaoluhU,  mum  (t;UT) 

so 

O.  n  k  Ml1' 

75 

lim.itunlr,  linnr  (I  'll  i  ) 

MO 

4,  7  X  Id" 

54 

InauliiMr,  huim  (CUT) 

1,  Mhituiikinlc 

to 

H.  h  x  Id" 

loo 

lhfudoMr  {0),  inijunvi'inrhi  (kDI)^) 

U) 

II.  II  x  Id" 

1UU 

Iltfttduhtr  (0),  Inipi  nvrnirnl  (Kill) 

10 

H. H  x  1  0 ' 

too 

ItiHiiluMr  (O),  1 1 1 1 1> I’d V i'll) r Itl  (t  il!) 

(«)  "(<»)"  aflrr  “Immluhte"  tnrli 

valet  rna;ri-i*l 

atkii  mauhihlr 

prior  lu  ttt.ntiul  tun. 

([>)  (COI'I  atande  fo|-  Corner  aniuit  Del  M-malion  Tmi,  A.STM  I)  Ui\, 

(<)  (K1JT)  aland*  i  fir  Ktrien ml  t?«:iuriiiAtlon  T«nt  or  Ural  Diuturlltm  Ti>hi,  Aii  J’M  U  Mft. 


TA3LE  A- 5  3.  EFFECTS  OF  IRRADIATION  CN  COFCLYMERS  OF  STYRENE< 1 1  °) 
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V  i)  (4  U 

d  d  w>  u> 


•>  4>  V  4)  4)  A)  0> 

*— ♦  f-4  »—4  *-H  iH 

3  3  -9  3  -8  ■§  3 


M)  U  d  MMflflClOvOO  OOO  H 
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TABLE  V-:>P.  RADIATION-INDUCED  DISCOl ORATIONS  IN  TRANSPARENT  PLASTIC  MATERIALS ( 1  n> 


. . . 

r 

Lteacriptive 

Color  Channel  f or.  Material  Indicated 

Aluothed  Radiation 
IXne,  erg»  g‘  * 

Methyl 

Metliactylitci 

Methyl  Alpha - 
Chloroactylate 

M1L-P-8267 

Selectron  400 
(Fully  Cured) 

Sienacfn  080 
(Folly  Cured) 

Control 

Culottes 

Colorien 

Light -blue  tint 

Yellow  tint 

Colotlcis 

!  k  101- 

Colurlm 

Ll)iht  yellow 

Light -blue  tint 

A  X  10° 

Yellow 

1  x  107 

Colorlett 

Amber  tint 

Light- blitn  tint 

Yellow  tint 

Colorlen 

l  x  I07 

Amber  tint 

a  x  in7 

Amber 

t»  x  11 /' 

Yellow  tint 

Light  -blue  tint 

Yellow  tint 

V« How  Hill 

1  X  10H 

Light  yellow 

Umwii 

Light  blue-green 

Light  yellow 

Light  yellow 

W  X  M>H 

Yellow 

a  x  ioH 

Daik  Uuwn 

ft « »<iH 

Yellow 

light  blue-green 

Yellow 

Yellow 

l  x  I0» 

Light  yellow 

Amber  dm 

Yellow 

ti  X  id7 

Dirk  yullow 

Yellow 

Amber 

Deep  yullow 

!  X  )01U 

Yellow 

Deep  amber 

Atnlx-i 

A  7  1 


'(> 

f 

< 

5 

H 
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f  API  I’  A  -Cl,  EFFECTS  UF  IKHAUJ ATI-.1N  UN  THE  MCI  11AN1CAL  AND  PHYSICAL  PROPERTIES  OF  NATURAL 
RUBBERS  WITH  SHORE  A  D UROMETER  HARDNESS  OF  70  to  HO  AND  •I0<lls) 

Integiaieii  Fast-Neutron  Flux  6  x  lO*1*  u  ctu*^ 

Integrated  Thc'liml-Neuliun  Flux  <>  X  10* 9  nvof 

Integrated  Gair.ru.u  Flux  S  x  U*,tl  >’  utir-’ 

Total  Doie  2.1  x  Id9  ergs  g’1  (C) 

Environment 

Puling  Irradiation  Ait 

PoMlrradlllfim  Air 


Number  of  Samalfcs 

Mean 

of  Sarntla: 

Type  ol  Tett 

Com.ol 

Irradiated 

Control  fX'c) 

Irradiated  (X|) 

<X|  i  E<*> 

Interp  relation 

Shore  A  Durometer  Hanliieit,  70  to  HO 

Tensile 

StlOAgtlt,  pll 

& 

li 

3046 

2427 

-018  i  263 

UecrciiB 

Elongation,  p»i  cent 

U 

& 

naa 

236 

-t;  *  31 

Decrease 

Low-Temperature 

Flexibility 

a 

a 

■  OS  P  (P><b) 
-70  r 

-HO  F  <P> 

-70  t  (P) 

No  change 

Cuinprciilul) 

Pal,  pet  cant 

a 

4 

73.0 

71.0 

-2.0  t  3.0 

Mo  change 

Tear 

Strength, 
lb  In. "* 

A 

0 

a  os 

iau 

"17  i  32 

Ut>  create 

Speciriu 

Gravity 

i 

1 

1.  IH 

1.10 

■- 

No  change 

Ifri 

Intiai'iliiiriMit/llO  ten 

i 

1 

m/’iu 

00/71 

-- 

No  change 

Shore  A  Durumater  Hard  nest,  40 

Tamil* 

Strength ,  pil 

i > 

0 

11101 

2083 

;i  ii2 1  r,2(i 

No  I'liangu 

Elongation,  per  cent 

6 

6 

0116 

Bin 

6  t  64 

No  change. 

Low  Temperature 
Flexibility 

2 

2 

-00  f 

-70  F 

-00  F  (l>) 

-70  F  (I'J 

-- 

Nrr  <1. align 

Cotnpteislon 

Set,  per  cent 

a 

4 

f.H.O 

02.  t) 

-(}.()  l  fi.  0 

Year 

lb  m  ~l 

5 

f) 

l&l 
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2u  t  an 

N<>  change 

A  -7i 


TAl'i.K  A-(il.  (Con  turned) 


Number  of  Samples 

Mean  of  Samples 

/a) 

(X]  -  Xt }  i  !"  Iiiteiprelatlon 

Type  of  Test 

Control 

Irradiated 

Control  lX(_-) 

Irradiated  (Xj) 

Specific 

Gravity 

1 

1 

1.01 

1.01 

No  change 

Hardness, 

lnatantaneous/30  sec 

1 

1 

37/38 

37/32 

--  No  change 

(u)  I1  «*  Precision  it  95  pet  cent  confidence  interval. 

(b)  (!’) «  Raised. 

(c)  (?)«  Failed. 
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TABLE  A -62. 


NATURAL  RUBBER  FORMULATIONS  USED  FOR  CRYSTALLINITY 
STUDIES  OF  SI  RETCHED  IRRADIATED  SPECIMENS  '  m-  1 18> 


Mare  Inland 

Mctwfullon 

Rubber 

Rubber 

Laboratory 

Company 

Specimen 

Specimen 

Material,  part*  by  weight 

DeproteiniKcd  pule  «  repo 

100 

-- 

Lutux.  rubber 

-- 

100 

Sulfur 

z 

1 

Zinc  oxide 

3 

« >• 

Zinc  dlbutyldithlocarbmnate 

0.2S 

-- 

2-mr  reap  tube  nr.  »>UiiO/'.  ole 
il-rr.ercAptob'muuthiaaoln  and  potaaaium 

0.4 

a.  _ 

puelatnethylenedk  arbumatc  mixture 
Triethanolamine,  heptylutnd  dlphenyiamino, 
and  huptaldahydu-antline  (a  reaction 

0,  f> 

product)  mixture) 

z 

Wax 

-- 

0,  S 

Cure,  mln/F 

20/ i BO 

Steam  cured 
in  a  vulcunl*' 
/.or;  time 
not  uperitlml 

TABLE  A-fc  ).  EFFECTS  3F  IRJLOiATICK  CN  THE  UFEKAMCAL  PRO  PEA  TIES  OF  GAMMA-  IRRADIATED  ESTAXE  POLYURETHANE  ELASTOMERS 
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TABI-t:  A-M.  RECIPES  FOR  ADDUC  T  RUBBERS  TKS1  CD 
FOR  RADIATION  STABILITY*  1  '"I 


Material,  partH  by  weight 

06%  uutu rated  methyl  rmuc&ptan 

1U4  X  9  Hi 

RZ4  X  911 

RZ-1  X  944 

adduct  ui1  polybutudiene 

9i 4%  saturated  methyl  mercaptan 

1"'  00 

“  " 

-- 

adduct  nf  juilylmtftdlenc 

6.ri%  Maturated  methyl  mercaptan 
Ullduct  of  <>7/  11  butadiene- 

100.  0 

acrylonitrile 

- .. 

100,  0 

1 1 AF  liluck 

90,  0 

so.  u 

SO.  0 

Hydrated  line 

l.  0 

/,  0 

i.  0 

DiCup  to  a 

fj.  0 

7,  0 

4.  S 

Pine  tar 

0.  9 

-- 

-  - 

Cure ,  min/  V 

1)0/  .100 

6  0/  1  JO 
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TAIII.I:  A -00.  KFFKt  -Th  i.*F  ii,  APIA  I  ION  t'N  II  IF  MM  III  AMU  I  Al.  I*i«  M*Hl  ITE*  (V  MM  ItIHIIIMi;.  WITH 
IIIW  1MKTE1!  IIAHUNKSSKS  UK  7n  TO  H'l  AND  IU<  11;,> 


Integrated  Fast- Neutron  Klnx 
Integrated  Thermal-Neutron  Flux 
Integrated  Cantina  Flux 
Total  Host; 

Kiiviioiunom 
Dining  Irradiation 
i’ostlrradiatioii 


1!  x  J  0 a-!  „  cin-" 

6  x  IOlJ  nv0i 
S  x  10*<!  y  cufV! 

‘7.4  x  lfl9  ci}!'  e'1  (c) 


Air 

Fuel 


— ■■■ — s>  awTi™  rrgaa  lai SWJS 

Number  of  Sampler 

Mean 

WMix^r-TmErr-  t£cag*3=>tf-aer 

of  SA^rltfl 

(Xl  -  X,:)  i  p(i,) 

■cir-.'".  TUrj^a*. .  -,-Uf-rw 

1  ype  of  Ted 

Control 

Irradiated 

Control  (Xt-0 

Irradiated  (X j> 

1  tterpteution 

Kliotc  A  Oturaielvi 

llardnen,  70_to  Hu 

Temile 

Strength,  ptl 

0 

Q 

iru 

1B40 

00  1  04 

lueieaie 

Elongation,  pet  cent 

6 

li 

4  HO 

418 

-OH  t  14 

Uecreaie 

Low-Temperature 

Flexibility 

y 

-HO  K  (F)(h) 

-'in  K  (K) 

- 

Ho  change 

Coinprenilon 

Set,  |iM  08111 

4 

72.8 

ua.2 

■W.ll  t  5.7 

Dncteu'U 

Tear  itueiigili, 
lb  In. 

h 

b 

201 

U1U 

-82  t  7,  ft 

Distteato 

tijiei'lflc 

Gravity 

1 

1 

1 ,  74 

1.118 

- 

Nn  clieugc 

HenJneo, 

Imieiiieiiumi/iiii  »o 

n  1 

l 

M/llO 

r'/OV 

-- 

No  change 

Micro  A  Duuinictor  lUtJnon,  40 

Tro'tllr 
•*fUni^L)i,  |nl 

5 

fi 

yn».M 

1027 

-404  i  'it>0 

Decrease 

jii;i  cent 

& 

f> 

BIO 

GUO 

■mo  t  or. 

Di'iireaie 

LowTom|>craiurc 

Flexibility 

V. 

4/ 

-CO  K  <(>)<'  > 
-1)0  F  (F) 

-80  K  (!•) 

... 

No  i'lion^c 

Completion 

Srtp  pt'r  veil! 

•) 

\ 

01.0 

•IH.  0 

-  lit.  II  1  2.  0 

HircrF-iAic 

Trai  .Sirrn^tli, 

Ih  lit.  * 

i) 

!y 
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no 

-7  1  2, *5 

No  i  liatigi; 
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TABLE  A-07.  RKClP  iS  FOH  NITRILE  RUBBERS  USED  FOR  TESTS  DETERMINING  THE  EFFECT  OF  ACRYLONITRILE 
CONTENT  ON  RADIATION  STABILITY 


Hanford  Sample  Deil^natlwm 


11W-B17 

IIW  B16 

IIW  -1)30 

HW  031 

IIW -022 

IIVM123 

Material,  purl*  by  weight 

llycar  1000  Y.  SB  (CO  per  cent 
acrylonitrile) 

100 

100 

llycar  11) OH  (33  po:  cent 
acrylonitrile) 

100 

llycar  1043  (33  pm  cent 
acrylonitrile) 

100 

llycar  1014  (30  per  cent 
acrylonitrile) 

100 

100 

Aim:  oxide 

ft 

b 

ft 

ft 

6 

6 

MTU 

3,6 

3.  6 

3.6 

3,0 

3,  (1 

Stearic  in  Oil 

1.0 

1.0 

1,0 

■■ 

RattlOCUte 

... 

-•* 

3.0 

3.0 

3,0 

Sulfur 

-- 

• 

0,  M 

«»,;» 

0.3 

GI'F  Mack 

•• 

•• 

- 

80.0 

00,0 

111) ,  0 

Age  Rite  lletln  U 

-• 

- 

3.0 

JO 

:j.  u 

Note:  Elastnrneii  containing  caibon  black  were  cured  for  13  roliiutci 

m  1  00  Fj  tliojc  without  filler 

were  cuicd 

30  iiiimitci 

»t  ;u<>  F. 


TAE1X  A-fcS.  EJTEC7  CF  GAAIUA  ZAZHATIOK  ON  THE  MECKAICCrU.  PROPERTIES  OF  NIT  HILLS  RUBBERS 
CCNTAINTSO  YAf-nr.-S  AJrfOLT TTS  OF  *C*K  ir.'rTr"  r  ‘  ‘-'r 
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TABLE  A- 69.  RECIPES  FOR  NITRILE  RUBBERS  USED  FOR  TESTS 
DETERMINING  THE  EFFECT  OF  CARBON  BLACK 
ON  RADIATION  RESIST ANCE<  ,27> 


Material,  portn  by  weight 

13-1 

Hycar  1002 

100.0 

?.lnc  oxide 

5.0 

TM  I'D 

i,  5 

Stearic  acid 

1,0 

FEE  Black 

5.  0 

Notii  All  cmupoumh  (.'tiled  A)  I  illiulii)  it  U10  F, 


Hanford  Smnp lje  Deaignation 


is  ■> 

A  F  “  li 

B- J 

R-4 

R-5 

100,  0 

100.  0 

1 00.  0 

loo.  0 

5.  0 

5.  0 

5.  0 

5,  (1 

i.  5 

i.  0 

i.  5 

i,  5 

1.0 

1.  0 

1.  0 

1.0 

15.  0 

40.  O 

60.  0 

ao.  o 

TAJL*  A-t:  EFFECT  CF  {ZAISON  tUXX  O’  THE  EADtAlTOH  STAKLrTV  OF  NITRILE  iKJBMRl127* 
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TABU  A -73.  EFt-KCT-S  OF  IRRADIATION  ON  THE  MEUIANICAl.  AND  PHYSICAL  PROPERTIES  OF 

BliNA-N  RUBRIC  US  Willi  SlIOliF  A  111  IR<  I  MKT  Ell  IIAIIDMESSKS  Of  ~n  w  BO  AND  4«  1  1 1 ■"') 


integrated  ['*5l- Neutron  Flux 
Integrated  The  rural -Mention  Flux 
Integrated  Gamma  Flrix 
Total  Dose 
Environment 
During  Irradiation 
Puatlrraiilatlon 


6  x  Hi14  n  cm'" 

S  x  U)'0  bv. 

x  10*fi  y  cm 
7.4  x  14®  etgs"1  ((:) 


AH 

Fuel 


ItiSr 


Number  of  Sample 

t  Mean  of  Samples 

Type  ol  Teat 

Control 

Irradiated  Control  (X^) 

Irradiated  (Xj) 

(X,  -  XC)  *  pW 

Interpretation 

Shore  A  Durometer  Hardnen,  70  to  80 

T  entile 

Strength,  pit 

j 

i 

2340 

2732 

383  i  137 

Inornate 

Elongation,  pet  cent 

5 

6 

330 

276 

-66  i  27 

Deoteaie 

Low  "Temperature 
Flexibility 

4 

4 

-30  F  (F)<b) 

-30  F  (P) 

-- 

No  change 

Coinptoslmi 

Set,  pm  t  rill 

o 

* 

68.0 

00.0 

-u  a  3,2 

Dcoruate 

Tret  Htmigilt, 
lb  In."1 

a 

6 

200 

182 

•  1 H  i  10 

No  Oil  align 

(ipeclfk. 

Ctavliy 

i 

1 

1.20 

1 .  W 

.. 

No  uliangn 

lleiUmiti, 

Imlan'ancuUi/OO  tee 

i 

1 

HO/72 

83/74 

.. 

No  change 

Shore  A  Dumifieiei  HtnJneit,  40 

lettitlr. 

Strength,  pil 

6 

b 

MtM 

2423 

30  i  Mb 

No  change 

Elongation,  per  rent 

b 

Ci 

410 

430 

21  t  10 

Inornate 

Low-TBiiipfrarme 

Flexibility 

4 

3 

4fi  P 

-SU  F  (K) 

-46  P  (P) 

-so  r  (F> 

... 

No  diangr. 

Contpuaslon 

Set,  per  cent 

a 

4 

40.6 

49.0 

■U.li  t  0.0 

No  Hraitge 

Toar  suengih, 
lb  in." 1 

6 

b 

144 

132 

-12  t  10 

No  diange 

A  -88 


i  Ann.  A-V  ..  (<..”iiii. imil) 


Type  of  T e*i 

Number  fllJj/unjjlj:* 
Control  In  iuliauvj 

Me, in  of  Samples 

CViisrc!  (Xc  )  '  Irradiated  (X()  (X,  -  xc)  s  P<“> 

Interpretation 

Specific 

Gravity 

l 

i 

l.KO 

l.'.’l 

Nt>  change 

Hardness, 

InsVant juicoua /IlO  see 

i 

.1 

60/4h 

Vi/4'1 

No  change 

(a)  »'  ■  Preciiiun  at  tfS  par  cent  confidence  interval. 
<i>)  (l  > «  jPalled. 

<c)  (P)  ■  Patted. 
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1  ABLE  A-74.  COMPARISON  OF  MECHANICAL  PROPERTIES  OF  NITRILE  RUBBER  PACKING  COMPOUNl>f»)  AFTER 
IRRADIATION  AT  ROOM  TEMPERATURE  AND  AT  f:.H  F.  AND  AFTER  HEAT  AGING  AT  |S8  F  <  1  1  •  'i  1 1 


Tim*  of 

It  cad‘  ttiori  or 
Hc«t  Agiii|(^f 
day* 

ft  a  diction 

l'U*e  , 

nrg«(j-  1  (f-> 

*  10-9 

_ _ _  Irradiated _ . 

I  v  radial  fill  at  ft  T_  ^ 

Tag  ted  at  Tested  at 

RT  ISA  He) 

Irradtatg^at r_15fl  ^ 

Tested  at  Tented  at 

RT  IbH  t' 

Heat  Aj»<td  at  ISSl?' 

Teatrci  at  Teeted  at 

»T  168  F 

Tsmtilff  Strength 

sJtii 

a 

0 

2046 

fUO 

2040 

510 

20«0 

S3D 

«■  i/a 

0.  3* 

.. 

.. 

1970 

6J0W) 

.  - 

.. 

2-3/4 

i.ia 

.. 

-- 

>450 

540<J> 

r.  r* 

11/3 

*. 

• 

.. 

.. 

.  . 

580 

1-1/2 

2.  1 

1660 

610 

.. 

.. 

M  . 

.. 

5-1/2 

1.  26 

.. 

-- 

1110 

430«d> 

-- 

.  . 

7 

4.2 

1140 

son 

.. 

mm 

9-2/J 

1.1? 

-- 

.. 

1)70 

940(0) 

.. 

14 

4,  4 

1110 

460 

-* 

... 

•  H 

610 

21 

U,  6 

Broke 

490 

.. 

-  - 

-- 

211 

*- 

-- 

-- 

.  H 

2000 

m  m 

56 

-  - 

-- 

-* 

mi  m 

17$0 

630 

70 

— 

- 

-- 

m  m 

2090 

-- 

ElungHlon,  our 

tint 

0 

0 

906 

27b 

500 

M0,.,, 

900 

290 

i-j/» 

0,»4 

... 

.  . 

150 

260(d> 

„  . 

2-3/4 

1.61 

.. 

«  . 

100 

190(0) 

•  • 

1-1/1 

**# 

-- 

-* 

*. 

HI. 

4  « 

290 

3-1/2 

2.  I 

260 

190 

•  . 

- 

„  „ 

9-1/2 

1. 16 

-- 

-- 

190 

I4Ci(0) 

.. 

7 

4.2 

HO 

10 

■  4* 

■  . 

9-2/3 

9.17 

.. 

-- 

111) 

lOu(O) 

14 

1.4 

10 

50 

.. 

-r 

240 

21 

U.6 

UraV. 

10 

-- 

21 

-- 

•4. 

.. 

.. 

1411 

16 

.. 

.  M 

-- 

•« 

290 

190 

70 

*• 

““ 

-- 

JU0 

-- 

lUrOn.n,  Sher.  A 

0 

0 

46 

41 

48 

41 

49 

48 

1-1/8 

0.  84 

»- 

-- 

51 

54 

.. 

... 

2-1/4 

1.  66 

-  - 

-- 

16 

56 

-- 

m  » 

1-1/1 

-- 

*>■ 

-- 

.. 

.. 

... 

1-1/2 

l.  1 

97 

62 

-- 

-■ 

.. 

.. 

5-1/2 

1. 16 

... 

-- 

60 

60 

.. 

.  . 

7 

4.  * 

in 

70 

■  - 

-- 

-  - 

V-i/J 

5.  97 

-* 

-- 

6V 

.. 

.... 

14 

a.  » 

u 

76 

-- 

-* 

-- 

21 

12,6 

A  rikt 

U 

... 

-- 

19 

-- 

.. 

-- 

-  - 

h  l 

.. 

70 

-- 

-  - 

... 

57 

... 

A -00 


JABl.r  A-  7«l.  (Continued) 


Ii  radiated 

Tji: j"  ,.f 

Irradiation  or 

, 

Irradiated  at  HT 

lr  rttdiattfd 

at  1SH 

Boat 

Aged  at  1S8  * 

Heat 

»r»»  R"1  ('O 

Tented  ill 

Tested  a  1 

Tented  at 

Tefltcd  at 

Tented  at  Tented  at 

clay  * 

x  10-'' 

RT 

158  Kt<  ) 

ItT 

ir.fi  f 

HT 

i58  e 

200  Pfr  C»at  Moduli 

£sJZ?L 

0 

0 

300 

310 

300 

ilu 

300 

310 

!•  3/8 

0.  «4 

-- 

... 

6  JO 

«9uldl 

-- 

-- 

2-m 

1. 68 

-- 

-- 

no 

Broke 

-- 

j  i/i 

-- 

-- 

... 

, . 

.. 

380 

* -Ml 

2,  i 

1030 

Broke 

-- 

!»-  1/2 

).  J6 

-- 

Broke 

Broke 

r- 

.. 

7 

4.  2 

Broke 

Broke 

-- 

-  - 

-- 

W/l 

87 

-- 

«* 

B**oke 

Broke 

.. 

«... 

14 

6.  4 

Broke 

Broke 

.  . 

470 

21 

1?..  0 

Broke 

R  ruke 

-  - 

-- 

28 

-- 

.  - 

... 

-- 

-- 

S40 

.. 

If 

-- 

-- 

... 

786 

70 

— 

*- 

— * 

I0J0 

Broke 

(a)  llytar  lUOliHyc 

mi  iDi>2,  HU; 20. 

(b)  Tdl  value*  for  the  h>* t •  agi'.U  e*mi< 

l« *  aia  j/lai 

,  ed  In  their  a}i|ir(iKlhi<tl/!  relationship  to  th<<  ««mi 

plow  irradUud  at  |*>B  F 

b*«fd  on  the  lime  oi  •kjjoaur*  to  k’ib  *lrv«Uf<l  temperature,  The  lime  of  ? r radiation  waa  computed  by  dividing  the 
•kpoeuru  Uo««  by  the  doae  rate*  V.  m  10  erg*  g“  (<) J  hr"  ,  iho  radiation  flux  tu  which  th»  nampUii  worn  ewpiiNed  m 
tH*  BruoUta  von  National  Laboratory  Gamma  I'aiiilty. 

(r)  Tli*  vamplea  I  r  radiated  At  room  temperature  Am)  tnated  at  1  r*H  K  were  t  r  rMilf  atHil  At  the  Material*  Toiling  It  e  Hr  lor 
Gamma  Karl  Illy,  Thu  radiation  down*  were  elightly  higher  than  thoe*  received  by  .ho  mirnplee  ItradUCd  At  thn 
UtonkLavan  Nation*'!  LilMmitdry  Oartiht*  Km  lilt y.  klapoeme  dneen  At  MTU  worn  l>,  2.  &  h  1 0^  ,  4.4  m  10^.  1,1  x  10'*, 
#nd  1.1k  1U10  I  <f :>. 

(>l)  Four  duFm'hnllw  tau\m 1. 
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JA»L|2  A‘Tr>-  COMPARISON  OF  MECHANICAL  PROPERTIES  OF  NITRILE  HU|il,..R  M'LF 
SCALING  FUEl.-CE'  '.-LINER  STOCKS!  AFTER  IRRADIATION  AI  „vm 
TEMPERATURE  AND  AT  HP.  f,  AND  AFTER  HEAT  AGING  AT  ISH  >  I  ,  M\ 


- 

.  rr . 

Tima  t»f 

Radiation 

Ir  z-adUtton 

Uoi  *. 

lltlt  Aflng^), 

erK«  a-  MC) 

day* 

K  10** 

u 

(J 

1-3/8 

0.04 

i-4,  ■: 

t.  68 

1-1  li 

2.  1 

vi/a 

1.16 

7 

4.2 

9-2/3 

5.07 

14 

M 

CO 

. . 

41 

12.0 

35 

«.• 

90 

1  ID 

0 

V 

1-3/4 

0.  14 

3-3/4 

t .  61 

J-i/3 

.(.  1 

5-1/1 

1  .11* 

1 

4,2 

¥-3/1 

1,0V 

II 

0.4 

30 

-  - 

II 

U.6 

15 

¥0 

. . 

no 

M  » 

(J 

0 

1-1/4 

A  . 

1-1/1 

‘  61 

1-1/1 

2.  J 

4“  1/3 

16 

7 

4.  2 

¥-3/j 

V  B’t 

14 

H.  4 

10 

3| 

12.  <■ 

15 

-- 

110 

„ . 

~zrr^  2-rr- 

:  ^rr-c.  — - - 

- r— r 

■ - _ - 

Irradiated 

_ 

.....Irradiated  ;\i  RT 

/  v  radi.iuui 

ented  at 

Tented  at 

Tented  at 

UT 

158  i<n 

RT 

Toi«#iU  .Strength, 

pHI 

2280 

1  4  50 

22  80 

-  - 

-- 

2.U0 

-  - 

-- 

2100 

2400 

1600 

-  « 

"  - 

-- 

2480 

2420 

iV)0 

-  - 

«- 

275  0 

2550 

UK) 

,  . 

-  - 

.  - 

.  _ 

Broke 

1430 

-  - 

-- 

-- 

■■ 

*  - 

.  . 

.. 

... 

tionuatUm,  j>tr  i:*ht 

460 

no 

%Co 

•1  « 

-- 

no 

«•  i. 

•  - 

100 

U  0 

150 

»  .. 

-- 

“  >• 

l'/0 

» /u 

IIIUOH 

... 

■■ 

.  » 

ill) 

10 

40 

•  ■ 

-« 

•  . 

40 

,  . 

*  “ 

-  • 

-  . 

•'  * 

... 

-- 

... 

It.idn...,  Shun  A 

57 

-  . 

57 

-- 

60 

-- 

-  - 

65 

70 

n 

.  . 

•** 

-  - 

70 

n 

75 

-- 

-- 

«  - 

75 

A2 

0!» 

-- 

87 

- y 

-  - 

I  1  08  F. 

He  jit  A  jo  rj  at  jSH  Jf 

I>»trtl  lit 

Tented  at 

Tented  at 

G8  F 

UT 

tf.fl  V 

I45<> 

22HO 

H'iO 

1510 

-- 

.  • 

)  190 

-  - 

-  - 

-  - 

1440 

-- 

.. 

-- 

„  „ 

1260 

-- 

... 

-- 

... 

- 

-- 

1400 

-  ■ 

- . 

-■ 

2)60 

.. 

•  - 

1  itU 

-  - 

2260 

.. 

.4 1 0 

460 

i!6 

250 

.  y 

„  - 

IKll 

.. 

y  y 

I  1. 

, . 

141) 

-y 

Ml. 

HV 

“  ■ 

400 

*  * 

.. 

.. 

-  - 

270 

.  m 

..  H 

-- 

100 

- 

2)0 

-  - 

57 

57 

57 

*>  1 

6  6 

„  „ 

- 

-« 

.  „ 

70 

... 

-  * 

-  4 

.  > 

76 

-- 

-  „ 

:: 

_  „ 

-  - 

65 

-  - 

a  <>;> 


TABl.E  (Contlmiad) 


.  T.uiUtod 


Tim«  ojE 
IrrmdUtlon  or 
Heat  Aging^J, 
days 

Radiation 
Do#* , 

at  ga  g*1  (C) 
a  10-’ 

Irradiated  at  RT 

Irradiated  at 

158  F 

Heat  Aged  at  158  f 

Totted  at 
RT 

Tested  at 
158  fir) 

Tested  at 

nr 

Teeted  at 
J58  V 

Tee  tod  at 
RT 

Teatad  at 

158  F 

far  Cant  Modtrint .pal 

0 

0 

<140 

060 

a  40 

860 

U40 

660 

1-3/8 

0.14 

-- 

1370 

1 190 

a. 

2-  V* 

1.60 

-- 

*- 

1320 

Broke 

... 

1-1/2 

2. : 

2270 

Broke 

-- 

.  . 

ww 

5*  ifi 

1.16 

.. 

-- 

B  roU 

Broke 

-- 

a. 

7 

4,  2 

Broke 

Broke 

-- 

... 

.. 

Q-Z/l 

S.  67 

-  - 

-- 

Broke 

Broke 

... 

14 

».  4 

Broke 

Broke 

«■ 

. , 

.  M 

20 

-- 

-- 

-- 

-a. 

-  . 

M40(°> 

21 

12, 6 

Broke 

Biok# 

.. 

■  . 

28 

-- 

... 

-- 

— 

If’ *10 

.a 

no 

-- 

-- 

at. 

.. 

2120 

(a)  llycar  1011. 

(b)  Tnel  valued  <i  t  u«.  ha»l-aaa.|  aMublse  are  plar.aU  in  thalr  approximate  rulaliunahlp  la  tha  eamplea  Irradiated  *1 
lb*  »  Wild  OH  the  time  ol  aapuaure  t<i  Ok  elevated  tamtieraturn  Th»  (lira  al  li'redlaUt'li  w»»  rumimtmt  by  dividing 
lha  aapiKuc  due.  uy  (ha  daaa  rat.,  2.5d  a  lb’  #rgbg"'(C)  hr-',  (ha  radiation  ilua  to  which  lha  eamplea  wara 
aap(iaa<*  al  lha  Bruukhaven  National  Lmboratury  Oatnrna  facility, 

U)  The  earnplfe  I  radiated  at  room  iumpdral.ire  and  taetad  at  1>»  »'  warn  Irrudlaiad  at  Om  Matarlala  Tailing  Keillor 
(iaiiilii*  rncllliy,  lha  radiation  lioaaa  warn  nlightly  hlghar  Ilian  thoaa  received  by  lha  aanipla.i  Irradiated  ol  tha 
Brookhaven  National  laboratory  Ouimi  f'aclllly,  Dapoaura  tloaaa  al  MTU  wara  0,  2.  >  x  Id’,  11  a  lo’, 

U«  lb’,  and  1,1a  Id10  argeg-l<C|, 

(d)  four  Hnmhprlla  taetad. 

(a)  Then,  durnbballa  laaiad. 
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COMPARlfiON  C  F 

MK4.HANU.AI.  l*Kt)l,(.HTlt:S  OF  NBH-SBR  HOSE  TUBE  STOCK1,1!  AFTER 

IKKADI  • 

ATION  AT  ROOM 

TEM  PER  AT  U  R  K  A.wt>  AT  \bQ  F,  AND  AFTER 

HEAT  AGING  AT  158  F< ; :  ■ 

511 

Irradiate'1 

Time  of 

Rail  lotion 

Irradiation  or 

Du«o> 

Irradiated  at  KT  Irradiated  at 

no  r 

Heat  Aged  at 

158  F 

Heat  Agtngfb}, 

»rg»  g-  1  (C) 

Tested  al 

Tested  at  Touted  at 

Tested  at 

Tested  at 

Tested  at 

day* 

x  10-’ 

RT 

158  1  IIT 

158  F 

RT 

15#  F 

Tensile  Strength,  ptl 

0 

u 

2240 

•  10  2240 

1510 

2240 

1510 

1-3/S 

0.84 

-- 

2510 

1690 

2- 3/4 

1.68 

-■* 

25H0 

I'd  30 

.  . 

i- 1  f  t, 

1.  1 

2400 

1640 

.. 

m- 

5-1/2 

1.14 

-- 

2150 

1530 

-- 

7 

4.2 

2610 

1700 

-- 

„  - 

... 

9-2/3 

5.  §7 

-- 

--  2320 

1780 

_  _ 

MM 

14 

1.4 

2620 

1840 

-- 

-- 

.. 

20 

... 

-- 

-- 

-- 

-« 

1750 

21 

12.4 

Brok. 

1720 

M- 

.. 

.. 

23 

*- 

-- 

-- 

2270 

M. 

90 

-- 

.. 

»- 

1840 

no 

”  " 

"  “ 

““ 

2620 

-* 

*C>gwgfltlun»  jjar  cent 

0 

0 

200 

150  200 

170 

200 

140 

1-1/1 

0.  14 

-- 

--  150 

110 

•  . 

M. 

2-1/4 

1.68 

-- 

140 

10'.? 

„M 

1-1/2 

2,  1 

130 

VO 

.. 

«  „ 

M* 

5-1/2 

3.10 

loo 

no 

.. 

'/ 

4.2 

110 

7(1 

-  . 

„  _ 

9»>/\ 

4.  87 

VO 

70 

K  »« 

*- 

14 

1.4 

10 

50 

.. 

.  » 

-M  ■ 

20 

.. 

- 

.  . 

1011 

21 

12.4 

Brok. 

30 

-- 

.  . 

MM 

25 

HO 

.. 

90 

.. 

-- 

•- 

«• 

M  - 

80 

110 

**“ 

MM  ■  * 

*  ■ 

90 

-- 

Hardnso,  Shoes  A 

0 

0 

VI 

VI  VI 

VI 

VI 

71 

1-3/1 

u,  14 

-- 

--  /*» 

V6 

„N 

.* 

2-1/4 

1.48 

-- 

--  71 

7H 

u 

„  M 
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2.  1 

HO 

11 

N  - 

.  . 

5- 1/2 

>.  36 

-- 

*-  H" 

.. 

? 

«.  / 

14 

H'i 

4  _ 
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3.  »7 
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8,  4 

15 

HH 
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*•  “ 
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-  -  ... 
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21 

U,  6 

-- 
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HO 
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.. 

A  ')  l 
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Irradiated 

Time  of  ("‘Kiintion 

Irradiation  or  Dote,  Irradiated  at  HT  irradiated  at  158  F _  _Heat  Agud  at  lS'i  F 

Heat  Aging(b),  erg«g'l(C)  ’’Veted  «t  Teited  *t  leitad  at  Tested  at  Tested  at  Te  iterf  at 
day?  m  10-y  RT  158  FU)  HT  158  F  KT  Ivfl  F 


200  For  Cent  Mod  ulna ,  pal 


(*> 

<b) 


<0 


0 

0 

Drokii 

Broke 

Broke 

B  i  qV.« 

Broke 

Broke 

1-3/8 

0.  84 

-- 

*- 

Broke 

B  rnk*» 

-- 

-- 

2-3/4 

i.bfi 

-- 

.. 

llroke 

Broke 

-- 

-« 

.3-1/2 

A,  1 

I)  roke 

Broke 

-- 
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—  « 

5-1/2 

3,  U 

■  - 

Broke 

Broke 

... 

7 

2 

Broke 

Broke 

-- 

... 

-- 

-  - 

9-2/3 

5.  87 

-- 

-- 

I*  rokr 
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-- 

.. 

14 

8.  4 
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-• 

•  - 

-- 
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20 
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»  - 

-- 

-- 

a  roke 

21 

12.6 

Bi’Ok* 

B  rwke 

-  - 

•>- 

»a 

.. 
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-- 

-- 

Broke 

•  - 

90 

— - _ 

_ _ — 

.  —  ■  .  ■:=■ 

—  -- 
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Hytar  |04jiSUK  1001.  88:0, 7. 

T«at  value*  lor  the  he«t»aged  sample*  are  pUcCd  in  their  approximate  relationship  to  thu  samples  Irradiated  at 
158  K  band  on  the  time  of  exposure  to  the  elevated  tempe-ature.  Thu  time  of  it  radiation  was  .  (imputed  by  dividing 
tin  exposure  dose  by  the  duse  rate.  2.  $2  a  lli1  erga  y‘  1  (C)  hr"*,  the  radiation  Una  to  win*  h  the  samples  ware 
axpoead  at  the  ftroukhavsn  Natiunal  Laboratory  (imiiilit  Futility, 

The  a  ample  •  Irradiated  at  room  temperature  and  teated  at  1*8  F  were  irradiated  at  thn  Mateih  ',«  Tasting  Reactor 
Gamma  Facility.  The  radiation  doaae  Were  slightly  higher  than  those  received  by  the  sample  it  ra'iUt.  il  at  the 
Brouldiavan  National  Labpt'atmy  Uaimna  Facility,  Mgposurr  doors  ut  MTft  svn-e  0,  £>l%  ! 0^ ,  4.4  a  !U*\ 

i.n  io9,  *<ui  i.i  >  io10  «•' *(<;>. 
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TABUS  A-/;. 


COV  PAR  ISON  OF  MECHANIC  At.  P  ROPE*  TIES  OF  Nil'  II  ►  .  nrsi».K-\  IMYI.I  IT. 
Bl. ADDER  STCCK<«*  AFTER  Ml»  AWATION  AT  ROOM  '  r'JUH  AN;  A  I* 

111;  F.  ANl)  AFTER  HEAT  AGING  AT  PS  F1  1  1  •  ‘HI 


__  _ J _ _ _ l  -  i,?iv1Utcr|  .  __  _ _ 

Tim**  i 'i  Radiation 

.  adUtlon  •>“  ftcfe,  Irradiated  at  RT _  _ Ir radiated  at  I £8  F _  _____  Hr  a  I  Aned  at  1 58  F* 

Hoat  AhIuk'^i  ****«'*<£)  Tastatl  «.i  Tailed  *l  I'e  a  led  at  Teatml  at  Tested  At  Tea  ted 

juy •  x  10  15  RT  158F(C>  RT  158  F  HT  188  P 
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3.36 
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-- 

-- 

7 

4.  1 

2350 

1750 

-« 

... 

-- 

9-2/3 

5.87 
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0 
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-- 
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1.68 

-- 

-- 
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no 
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3- 
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-- 
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83 

.. 
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85 
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UT 
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1S8  f 

UT 

148  K 

0 

200  Per  Coot  Modulus,  p*i 

u  v«»  y>o  M70 
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-- 

-- 
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10S0 
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-- 

-- 
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-- 
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— 

.  - 

*>•■1/2 

>,  lo 

-- 
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-- 

? 
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-- 

-- 
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-- 
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-- 

-- 

1)  rolo 
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-- 

14 

0.  4 

n  i  ukt, 
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-- 

-  - 

20 
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-- 

-- 

i  mu 
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12.  Ii 
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-- 
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-- 

.. 

.. 

-- 

-- 
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1620 
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ye 

.  . 

— 

.  - 

-  - 

-- 

.  . 
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no 

M  .  .  _  _ 
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<«)  Ilyi'U  IU4JI  VYNY:llye*r  III/,  M»«:20:12, 

(b)  l'«»*  vaIuan  fur  th*  hAAt*Mg#d  •1utij)(«»  Air  jilaccnl  Hi  (nett  «A|»|t t  lonnhij'  to  tii«  Irradiated  lit 

iftg  f‘  tmi«U  ot\  (h«  tiifiH  of  flHjn'PMur  lo  the  rlrv*t»id  PiAtUiii .  Thu  tiuto  ui  irntdladlun  was  rnruputml  by  dividing 

the  •4jiwnur#  don*  by  th*  dour  m  Id7  mg*  g"  *  (ill  hr***,  the  i*dlAtU>ii  j'Um  to  which  th*  w«ini 

4A|Miinnl  th*  hrcruklmv*i»  N*H»»i*l  ki#bi»ta4liii>y  (J*inin*  * t It iy • 

(i)  1H*  muiiijiIn*  IrradlM  >d  At  room  t*MU»<)  nilu . .  and  ut  IftH  V  wv  m  lr  radlatm!  At  th«  M.ihiMl*  T»*Aimg  He,n  ■  |r.  *■ 

OAiittitA  P/ulllty.  Th"  rtidUtliMi  du»«'«  w»<r«i  "lightly  Mghnr  than  chupn  rm  aIvimI  by  ill  a  maiiiiiIaa  I  r  rnill>>t"'t  a  I  lh» 
Uoiukluvnii  NaIIomaI  l-AhorAtury  Uatiim*  !>’»<  lllty,  La|Juniii»  iIuaaa  At  MTK  w»ir*i  I),  2.  l  a  Id'1,  4 .  *1  ?,  lo'\  II.  0  h  I  O' , 
•  ml  1.3  N  |0»«  A4g"  g"*  (f !), 

|d|  Pom1  ihunbb*U«  tested, 


T.*BLf:  A -78, 


ROOM  -78MPPR  A  .  ’K»  .  N*  litaic  I;  A  Hi  m.HT  rr.\:i’OONDS  IRRADIATED 

IN  AIR  ANO  IN  /«..*>  r.  .  •  i  ;  ,<  n  n  t!fO';'l) 


'iii'ifcttion  Set 
‘.iler  Expwutc 


...  !&'»  x  10 
U*1  (Cl, 


Dos.:  Required  for 
8C  I'er  Cent  Set, 


Compound 

Antirad 

Medium 

dayi 

j»cr  vein 

per  cent 

«g«  g'1  (Q 

Hyetr  pecking 

None 

Air 

40 

13.0 

61.  6 

0.44 

compound 

Akroflex  C 

Alt 

47 

16.4 

B7.6 

0.01 

QulnUydrope 

Ait 

47 

20.6 

82.0 

0.60 

None 

Hydraulic  fluid 

■ix 

14.6 

62.3 

0.30 

Akrcflj*  C 

Hydraulic  fluid 

Vi 

14.7 

80.7 

0.46 

OulnhyJronc 

Hydraulic  fluid 

73 

14.3 

72.7 

1.33 

Huel-ooJMInar 

None 

Alt 

47 

12.4 

68.6 

0.76 

■took 

Akrofles  C 

Air 

47 

2.4 

72.6 

1.36 

(Julnbydroiia 

Air 

44 

ati.H 

80.6 

1.87 

Non* 

Hydraulic  fluid 

71 

11.0 

86.0 

0.66 

Akiofleit  i. 

Hydraulic  fluid 

74 

10.3 

76,6 

1,87 

tjuluhydrone 

Hydraulic  fluid 

80 

18.7 

61.8 

1.33 

NmtU  lubbar- 

None 

Air 

47 

1)11. 4 

83.3 

0.78 

vluyllte 

Akroflex  C 

All 

4V 

22.3 

82.  2 

1.31 

oladder  »wck 

Uulnliydroua 

AH 

dll 

31.0 

83.6 

1.36 

None 

Hydraulic  fluid 

78 

m.» 

60  1! 

0.7# 

Akroflex  C 

Hydraulic  fluid 

•  0 

21.2 

81.4 

1,28 

Uuluhydrone 

Hydraulic  fluid 

77 

27.9 

80.7 

1.22 

NUR-OBH  tube 

None 

Ail 

47 

12. 2 

83.6 

1.13 

itock 

Aktoflex  C. 

/  if 

411 

12.8 

77.  0 

1.  Si1.! 

Uulnhydrone 

Air 

47 

16,  u 

74.  n 

1.31 

None 

Hydraulic  fluid 

V., 

11,6 

63.3 

0,  ?H 

Aktoflrx  <' 

Hydraulic  fluid 

7C 

12.3 

76.  1 

1.07 

tjuiubydronc 

Hydraulic  fluid 

71 

n,  i 

73.  Si 

1 . 4  •'> 
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TABLE  A-70.  EFFECT  OF  RADIATION  ON  COMPRESSION  SET  OF  NITRILE  RUBBERS*17* 


MmeiTxl  Cwle*** 

Cuildltioiii*1’* 

Giminu, 

wh* 

Cal'Mdalcd  Dim 

NtUlimi, 

n  fiu"^  (K  »0.  dll  Mnv) 

(Jompr^uiuit  VuA, 
|/<*r  i'oiit 

lUfcli-4 

(miUitmi-lUgli 
•tiylonitrllt!  ctimi'in) 

Ot>ni|>ri,ui,il  660  Iujiiii 

CTiimul 

CnillRil 

1(1,  U(*VCHJJI') 

iofta-4 

CoiMim  nnl  H4  liotin 
bclmo  mid  Allli  liuiiri 
«(iri  lirxdiailmi 

!l,  J  x  II)'1 

11,  ti  X  10 111 

7H.  6  (avuliRo) 

(»)  hut  Tuhlf  A-1A  li'f  Iiuirrlal  < 'Ion. 

(h)  i.<mii|UomMi  nil  wm  It-Httl  In  »ti'nttliiii*:r  wllit  AM  M  li;wi«»;iii  with  tin  ilml  lilt'  ijH'vliilviii  wvin  mn  uibjmitmi  m 

tel.l)>t'l«iurn  vmlmluin, 
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TABLE  A -HO.  EFFECTS  t'P  1RRADIA  MON  OK  !  UK  MECHANICAL  ANH  S'Hi'SU.A;  rROlTHTlfo  ■ 'i  Nl.i  M'iti  Ni: 
RUBBERS  WITH  SHORE  A  IRIROMETER  IIARDNKSSC  <'•!  70  TO  HO  AM!'  U'f 1  >  0 

,  I  A  „U 

lntegr.uct!  Fasr -Neutron  flux  t>  X  10  n  ■  n; 

ti’.U!gr<tU‘J  1  heriiiiil-Nemroii  flux  ti  x  ud3  uv,,t 

Integrated  tbunnia  flux  Ax  |u*('  V  cm"‘! 

Tola!  :v«e  v.  -I  x  l"!l  uigs  g' 1  (C) 
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Liuting  Irradiation  Alt 

PeMltradtauon  Hie  I 


L-  *  *—  1 — - “ 
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x  ol’ 
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- - -  ■  —  -  — 
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luadlated  (X|) 
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& 

0 
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21  >4 

■35  t  136 
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Elongation,  per  cent 

fl 

f 

•m 
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3  i  |7 

No  change 

LowTenipm’iur 
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A 

A 

•30  F(F)<h> 

•00  1'  (10 

No  changti 
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2 

4 
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'.!  0 
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Mo  change 

T»*r  Strength, 
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a 

h 
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1H2 

*37  »  II 
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l 
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I.4H 
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i 

.1 
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t 

0 
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6 

4 
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410 
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2 

!! 
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4 
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& 

& 
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; 
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1 

1 
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16/11 

No  thaugc 
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fb)  {ff  “  railed. 
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A  -  .1  00 


•AiU.fc  A-Bl. 

tOMFAlUiJON  OF 

MKCUAMMAl. 

1‘ctOFKHTUvS  OF  NFoniKNt;  i.\ 

WiHf-:  IMS 
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-- 
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-- 

7  7 

J-  1/4 

A,  2 

»5 

.. .. 

1. 

1,  M\ 

•- 

H5 

HS 

V 

-- 

*  - 

-  - 

- .. 

VH 

_ . 

1  /.! 

•i,  / 

8/ 

HH 

„  . 

10-  1/3 

5.  H7 

-- 

HH 

14 

... 

-- 

_  _ 

77 

15 

H.  4 

VI 

74 

... 

.  - 

U-Xfi 

1.!.  0 

llrokc 

95 

-- 

-  - 

:h 

-- 

... 

-- 

Hu 

41 

-  . 

170 

-- 

-- 

"" 

H4 

-- 

i 


1'ABl'E  A  ’HI.  (U'ni.n  u‘>») 


T ims  of 
Irradiation  ur 

U4<h.*tu>n 

Doao, 

■  ■  !.<  «-  x\>:  1 

lr  radial  ad  at  KT 

.U  ludi^ttid  at  1  bit  F 

Heat  Aftod  »t  l  SB  F 

H*At  Agingt*), 

«rgs  (t;i 

Tuuiuri  at  k  *»l 

i  e  sited  at  Toted  at 

Tiit«(i  at  Teat 'Ml  »t 

day  a 

K  »U-V 

nr  iw 

KT  1611  k 

HI  1 58  F 

IQQ  Per  Cont  M udnlue#  ji » l 

0 

U 

070 

4  90 

H70 

440 

B  70 

4  V0 

1-1/2 

0.H4 

... 

790 

4  70 

... 

3 

*,60 

- 

loeu 

S5oO> 

.. 

3-1/J 

... 

.. 

... 

— 

900 

570 

i- »/4 

2.  1 

960 

040 

-- 

h 

3,  36 

-  . 

960 

r*«o 

.  - 

7 

.  . 

-- 

-- 

1040 

7-1/2 

4,  2 

Broke 

Pr.ifcM 

-- 

-- 

.. 

-- 

10-1/2 

».iM 

ioboK) 

Hr  ok  o 

.. 

.. 

14 

.. 

-- 

-  - 

... 

10*0 

610 

IS 

B.  4 

Broke 

Broke 

... 

-  - 

22-1/2 

12,  6 

Broke 

llmka 

-- 

-- 

M 

-- 

29 

... 

.. 

-  - 

1040 

7un 

49 

-4 

.. 

» << 

... 

-- 

700 

170 

" 

-  • 

-- 

1470 

iSKT 

(A)  Teat  value*  fur  Ilia  heat-aged  •ample*  ate  jiUm’.ihI 

in  their 

approximate  rrlatlonahlf 

tn  the  uamp! 

ee  irradiated  at 

I  HM  *'  <*M  the  time  t\f  r.Kp>:tuya  tu  tl'.w  4*nii|i»  <  ui.n  o ,  Aim  umu  ul  U  rtliHuiHdi.  Wat  tumpmed  by  dividing 

the  •rjMtguni  lio 'I*  Uy  the  tip  a*  ratu,  2,  1  i  m  1U7  «rg*  g  )  <ti)  hr  l,  the  radiation  (lux  to  which  Dim  eampiiie  were 
poeed  At  the  iHuukhivaii  National  Laburatuiy  Qtinnii  Facility, 
ib)  The  ekliiple*  irradiated  At  ruuin  temperature  emt  taatea  At  1 5H  )  ware  li  radiated  at  the  Materlale  Tfeeliitg  Reactin' 
Gimnta  Faultily,  The  udiatlvu  doae*  weie  allghtly  high*,  than  thoee  received  by  the  emnpttf*  Irradiated  at  the 
UruoVhaven  National  Laboratory  Uamiuk  facility,  £k|m«iii‘n  done*  et  Mi'll  were  U,  2,  2  a  \ljVt  4,4  h  JU^,  B,  9  h  JO^, 
and  I,  3  x  I0*w  e  rg*  g“  *  (<!). 

(c)  Fuji  dumbbell*  teated, 


A 


TAhl.E  A  -  H  ,  ELASTOMER  CHANGE  IN  M.ONi  n  i  ...  .  .... 
90  MEGARA13S(a)(  !4‘>> 


Elastomer 

High  phenyl  silicone^) 

Natura'  rubber(c) 

Ftrakuinutud  iiiobutyit>ne-i*oprene 
Isocyanate  urethane 
Af:  rylunitriio  -  styrene 
Polyvinyl  chloride 
Ethylene. 

liotudienu  acrylonitrile 
Lb- S3  silicone 
Nnopruno 

Muthylvinyl  nilicoiio 
Natural  rubber 

Vinylidujie  l’luoruln  hoxallnu rupri  ipylrno 
Dimethyl  silicone 


1  ’li  I  t  h'lll  <  '.h'Ult.H1 


1 .  ti 


-12 

-  .2.  8 


-30 

-  3f> 
■•44 
-SO 

-  78 
-78 
-80 
-82 
-84 
-90 


(»)  x  lu'i  nj(»  j{'*,  rtliHirhcd  iliijr. 

(b)  Wo  atilt r a 0  aUduivrs  lit  ttfUroiio  fttrimilttUoni. 
(i)  Iml'itlct,  spool  .it  attltr-J. 
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TAJU.K  A -83.  GAMMA  H  ADI  AT  ION-INDUCED  CHANGES  IN  SILICONE  ELASTOMERS 
WITH  VARYING  FILLER  LOADINGS  AND  POSTCURES  {  1 00) 


Prupo 

rti*'M  After 

Exposure 

tu 

)  x  10”  Uo<  ntftiinu 

0 

riuiiuil  Fruiutriiett 

igiJ!. 

x  109  Eru« 

c»:.i  icji _ 

I  laviliiM  nu 

,  TtiiitilUi,  Elongation, 

Hardness , 

Ten  Bile, 

Elongation 

MutuiTuia 

Shoro  A 

|J  si  % 

Short)  A 

pal 

% 

Filler -Loading  So r 

it)  M 

K- 1046k 

hrs  290 

9  3 

1035 

30 

K-104VK  b-3 

76 

800  230 

96 

1155 

25 

K-  104BR 

77 

875  216 

9  7 

1150 

26 

Pottcure  So  Hum 

K-  1047R  11-4 

64 

1020  620 

94 

1085 

40 

K-1047K  b~5 

64 

96l<  400 

94 

980 

40 

K-  1017k  b-6 

67 

940  378 

94 

1185 

40 

K  l  J-17R  b -2 

66 

H/.o  2  OS 

94 

985 

65 

•  t  — . .  ■!  'Mtei"'!  t  <  j-  -i  t  ■  ■  ■.?  •*  •.  .  .  *..*.  •< 


A  -  ID  ! 


I  ABLE  A»M.  FITEi'.T  UP  GAMMA  KAIHATION  ON  1  HI'  MFCIIANll-VH.  PROPERI  l0.S  OP  PI.UOROEl.AS  I  OMEIffit 


Male  rial 

Knposuto 

brp^D  '  (C) 

*  Hi*1' 

P«s<*. 

X 

Initial  tknpettics  ami  lVr  Cent 

Uankies-i  Lliuigritio1! 

SI  Mr.’  A  A"  P- 1  Cent  .V;’- 

Clianpc 

Teniile 

StreiiRtli 

?5l  A  7- 

^  l/hulll 

HuviucArhon  EUttomon 

Vtton  A-1V? 

0 

0 

r»H 

aor> 

1243 

Tati 

6.7 

mo 

1-1.8 

•60.  *1 

0,0 

Very  (lightly  tacky, 

bruke  when  bem  160’ 

viton  a  -iy 

u 

0 

ov 

340 

2100 

Black 

6.7 

100 

32.  tt 

-9S.fi 

1,0,  4 

Vci)  .lightly  tacky. 

bruits  Wtlen  belli  160’ 

Vlton  A-14 

<) 

0 

7f> 

700 

1876 

Black 

6.7 

100 

lM  n 

•64.0 

-8,4 

Vety  (lightly  tacky. 

breke  when  bem  160* 

0 

0 

64 

700 

1720 

Black 

6.7 

mo 

16.0 

■63,0 

2.0 

Vet)  illgluty  uckv, 

bioke  when  bout  Ido* 

Vltiiii  A-10 

0 

0 

07 

600 

1263 

lllar-k 

6.7 

ton 

70.  0 

■  00,  0 

36.4 

Surlily  tacky,  hrnke 

When  hem  160’ 

Vltmi  A-17 

(» 

0 

till 

420 

mo 

uiack 

«.7 

mo 

VII.  A 

66.  1 

U,  l* 

unfitly  tacky,  liinlre 

Will'll  built  160* 

Vllwn  A-lk 

u 

0 

lil> 

32b 

2200 

Black 

6.7 

100 

00.  1 

-64,0 

-10,0 

wiKlttiy  lanky,  bmke 

when  limit  iky* 

FltkillnatoJ  tVilyeitei' 

Klulouuii 

Honker  DA  I 

0 

0 

OH 

27A 

1630 

Black 

0.  44 

r» 

7.0 

-Hi.ll 

•20.0 

1.6 

vv 

4, 4 

•ID.  1 

-HB.il 

4.6 

80 

14.7 

“UK.  1* 

-UO.Ii 

H.7 

100 

17,0 

•Vi.  i* 

-114,  v 

20 

«('<) 

00.1 

•03.3 

■74.7 

Broke  when  Bern  160* 

44 

600 

30,  7 

-93.0 

-  ilii. 

Broke  wln-tt  bent  160’ 

Hooker  t!A-2 

0 

0 

60 

110 

14110 

Black 

0,  44 

r> 

a.  j 

4.3 

-11.2 

l.« 

7,7 

“  J.K, 

•  n  o 

4.  ,S 

.v» 

12..’, 

-.31.  3 

-arj.o 

a.  7 

10.  u 

-7?. 

-39. !) 

*0 

300 

21.3 

*yo.  \) 

•43.7 

Broke  wh«- -i  bent  1HI)’ 

44 

,SlM) 

v'j.  a 

-tfi.b 

-04.  1 

liroku  when  bent  1.40* 

A  I  ii 


TABLE  A-«S.  RECIPES  FOR  V1.UO  ROEI.ASTOM  ERS  TESTED  FOR 
RADIATION  STABILITY  (  !27) 


V  j  ton 

Vitim 

Viton 

V  iton 

A- 17 

A  1.J 

A  .  1 4 

A-14 

Material,  parts  by  weight 

Viton  A 

100,  0 

100  0 

100,  0 

100,0 

Zitie  Oxide 

10  0 

111.  0 

to.  0 

10.  0 

DyphoH 

10, 0 

10.  0 

10.  0 

10.  0 

Thoi  mux 

-- 

<10,  0 

40.  0 

60.  0 

HMDA«Ca  rb.unattt 

1.  o 

1 . 0 

1,0 

1.0 

Vitim 

Vitim 

Viton 

A- 16 

A- 17 

A-  Itt 

Viton  A 

100, 00 

loo,  o 

100, 00 

Du ihligltm  601  MgO 

14, 00 

14,0 

1  4 , 00 

TIim i  mux 

70.  oo 

/.  0,  0 

(10.  00 

H  MD  A  L.irbaniute 

0,  74 

1  0 

1 .  7.4 

lloOHui 

1  looker 

UA;:^ 

HA -7 

AdipaU: 

100  0 

-  - 

Kill.  0 

SHF  Iil.uk 

40.  0 

.40,  0 

P  i rural  U 

<10,  0 

70,  0 

IliOiip  40f ; 

1  0 .  0 

19,0 

Nine;  Viton  A  C(tlii|>ivill(l»  w.  i!  mad  .'III 

Miiinilrt  m  1100  H  «i Mii 

j'iM<  ill (*(i  1  h»»i»ls  ill  *<‘li  l;. 

Mnnkt'i  <  omj’Oiimit 

wpff  <  lin’d 

•Vi  (iilfmlr.f/  »\  \  iMtJ  |>nMi  lift"  1 

16  .»i  M-»0  |\ 

A  -  i  On 


TAIM.f:  A- Hr..  KFKK'JTS  OK  RADIATION  ON  POLY- Af  ,HH  A-MEMTi Jf  iSTYU ENK (  ' 7  ^ 


IVXpvlHUi  X*4  7 

Do  so, 

or gb  (.*"  *  (C) 

Absorbed 

Douo, 

(ov  k" 1 
x  10' 20) 

Mn(it 

x  10"® 

M  <b> 
*v*w 

X  10“  5 

A v r a k e  Number  of  Chain 

Scissions  Per  Mo!  „oulo 

Weak  Normal  Total  Number  ol' 

Ronds  Bone’s  Bonds  Chain  Scissions 
Broken  Broken  Broken  l’or  Gram  x  10" 

0 

0 

1.  90 

2.  10 

.. 

_ 

.«  - 

1.  1  X 

10® 

0.  7(<) 

1.  67 

2.  04 

0.  12 

0.  02 

0.  14 

4.  4 

Z.  1  x 

10® 

1.  3<c) 

1.  5  3 

1.  98 

0.  20 

0.  04 

0.  24 

7.  8 

4.  Z  x 

10® 

2.  6(c) 

1.  42 

1.  94 

0.  30 

0.  04 

0.  34 

10.  6 

9.  l  v 

10® 

6.  ?M 

1.  30 

1.  75 

0.  38 

0 , 08 

0.  40; 

14.  ? 

1.  ]  X 

10® 

7.  2*1) 

1.  20 

1.  65 

0.  39 

0.  19 

0.  58 

18.  6 

1.  4  x 

10‘> 

8.8(c) 

1.  18 

1.  58 

0.  40 

0.  21 

0.  61 

19.  5 

0 

0 

2.60 

2.  90 

-- 

-  - 

2.  6  x 

10® 

1.6<®) 

15 

76 

0.  22 

0.  00 

0.  22 

4.  8 

4.  0  x 

10® 

2.  5<d) 

1 .  95 

2.  65 

0.  30 

0.03 

0.  33 

/.  8 

6.  6  x 

10® 

J.  5<d> 

1.  88 

2.  53 

0.  34 

0.  04 

0.  38 

8.9 

7,  7  x 

10® 

4.  8<d) 

1.  60 

2.  40 

0.  ?? 

0.  25 

0.  62 

14.  8 

9.  6 

10® 

6.  ol'V1) 

1.  50 

2,  2  3 

0.  38 

0.  35 

0.  73 

17.  1 

1 ,  5  x 

K#  * 

i)  A*‘ } 

1. 44 

2.01 

0.  40 

0.  40 

0.  80 

18.  7 

J.  6  X 

io‘> 

t),  9'c' 

1,  55 

2.  19 

0.  40 

0.  2U 

0.  68 

16.  8 

ii.  <!  X 

io® 

13.  7<c) 

1.  12 

1.65 

0.  40 

0.  98 

1.  32 

30.  8 

2.  6  x 

10® 

i6.  4jf  ) 

0.  99 

1.  60 

0.  40 

1.  22 

1.  62 

37.  9 

2.  8  x 

10® 

17.  ^ 

1.  16 

1.H2 

0.  40 

n.  84 

1 .  24 

28,  9 

1.  4  x 

10  9 

21,  1<‘<) 

1, 00 

1.  63 

0.  40 

1.  2U 

1.  60 

37.  3 

00  F1(l  ■  r-’iiiiht*  r.vrtc.jjr  I111I..1  ului  -night  •  •Ii.uUuaI  mini  oitiiollv  pHniuiv, 

(b)  Mw  »  wulglil" itvouge  moll'. ,, \n,  wi!tj;lu  mli ulmiol  fiiuii  vbunlty  turaiumiit'iiii. 

(n)  I, tnii!  din  *  It. ft  x  III*1*  ev  ft  *  hr  h.ll  x  11)7  tug.  y’1  (L)  hr"1. 

(d)  Uiite  r*in«  v.u  «  in*1*  «v  g"*  hr"*,  :i,6  x  in’*  crg»  ft"1  (<:)  Ik"*. 

tv.ilvid  liming  IrradUihm  nl  roly-  AI|<lia*<Mtailiylilyr<,iicsi' 

__hluduu  __  __  IVr  Cum  by  V"hnm*' 


1  lyJfMjjrn 

OH 

Med  wit  ii* 

0.  Vi 

Wmrr 

0,H 

( Ijrbuii  HiminxitU 

IM 

Oxyfjt’ii 

0.0:1 

I.uiIxjh  dii'XiUi! 

U.l 

uibuunc 

0.4 

U’lmlr.liL 

u.t* 

1  ’•Hutaif 

U.b 

'^-Uiiicne 

4.V 

llrny.r.lH’ 

;:r, 

1  nlw»;m’ 

u.  [)[> 

hupropyl  bnr/.iuif* 

(1.  0b 

Alpha  Methyhtyrcm? 

'j.j 

*  M  ~ £  Jliipk';  ab m»i far*]  di<;.c\ 

i'A  \  i  O' 

**L*iH»iUir.u  reliability  » 

i  i*  per 

rent . 
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T  All  LE  A-  8  7. 


COMPARISON  OF  TENSILE:  S'l'RENfj'i  II  OF  FIBERS 


(111 


Additive^1'*) , 

—  1  1  "  ' . -  ■ 

Exposure  Dose,  erg 

a  g-3  (C) 

we  Lght  p a  r  cent 

0.  39  x  10? 

4.  20  x  lljB  8. 

39  x  10«  1 

. 78  x  109 

Polymer  A 

0.  98 

0.  64 

0.  °6 

1 .  ON 

0,  86 

C.  8b 

0.67 

0.  5P 

0.  96 

0.91 

0.  8b 

0.  82 

1,  OP 

0. 93 

1.C1 

■*  — 

0.  9C 

1.0Q 

-«■ 

0.89 

0.88 

0.77 

i.OS 

1.08 

0.99 

0.31 

0.89 

LOS-2.0X 

1.03 

LOS 

1.  17 

0.  94 

1.0T 

0.  98 

1. 8.1 

0.69 

0.77 

I.OU 

0.  93 

0.94 

0.84 

0.79 

l.  OV 

0.  92 

0.  88 

0.  83 

0.67 

0.  5W 

-- 

1.09 

0.94 

0.86 

l.OW 

0.  9b 

0.90 

0.79 

0.70 

5.  OW 

1.03 

0.  89 

U.  64 

0.81 

1.  OX 

-- 

0.  98 

0.87 

0.83 

l.OY 

0.  94 

1.79 

0.00 

0.  76 

1. 03 

Polymar  b 

1.02 

0.  88 

0.  77 

LOM 

-- 

(1.  98 

-- 

0.76 

LON 

1. 02 

1.06 

0.  92 

0.91 

0.  5P 

0.  88 

0.91 

0.  91 

0,83 

LOP 

-- 

LOU 

0.  91 

0.90 

5.  OP 

-- 

0.  23 

— 

0.  16 

0.  Ml 

L  08 

1.0b 

1.04 

0.  96 

l.OQ 

1.  20 

0.  77 

0.70 

0.  73 

1.  OR 

-  - 

1, 06 

-- 

0.  80 

1 ,  OS 

1.05 

0.93 

0.  94 

0.  HO 

20.  US 

-- 

0.  *»?, 

-■* 

0,  37 

1.  OT 

L  06 

0.  76 

0.73 

0.71 

1.  OU 

1.08 

1.04 

0. 83 

0.91 

0.  5V 

-- 

1. 02 

0.  93 

0,  86 

L  OV 

L  in 

1.  10 

0 . 9« 

0.9b 

b.  OV 

1.  18 

1  20 

1.  12 

1.06 

LOW 

1.  06 

~  .■ 

0.91 

b.  OW 

-- 

1,  17 

1 .  14 

1.08 

L  ox 

1.11 

1.  09 

0.  99 

0. 89 

1.  OY 

1.15 

1 . 09 

0 .  94 

0.88 

1 . 0/. 

: - - - —  __ 

0.  Vb 

—  -  - _ 

0. 87 

(a)  Kfc  Table  A-3&  fur  Add  it  l  used. 
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I  A  {;  { ,f ’  A  ‘t  t:o|  {. 


:  ; ;  I,i 


./mi 


M 

Pi 


K 

H 

U 

V 


A.Klihvt- 

Pulv,  ri.'i  .l  .n  lu  .Uni  .  ,  ,  |,c,n 


Qumhyd  »■<>«,,• 

. 1 1 

Or., 

"V  v- i 

i  <ni 

1 

#  i 

1 

If 

L  J 

oi:‘  'i'i 

U 

M 

(_)  - 

1. 

:  .  I 
)' 

N,  N  ■  Di  *  t,  najihtliyl  •  |»  |d\,<i,  yli'm*  ilia 

/A 


y/'Ori  > 

i> " 


i  >  x 

"  i  ) 


N,  N  'Dlphf <i vl  - p  phu  ny liuiH  <i»a tnir.v 

) 


\ 

n: 


( }t  { 

1 .4’  M  ( I  Mil 
iillVM  t  lUll’Mf 

mu «ir 

Mil  him  nHr«<» 


li&  Mllivd run)  tui|ihili4 1 1* 1 1«« 

•oh 


Kimim  rl-,  {i 
i  .kIm  .»l  i  an 


<’  iiliiii'  i 


,'Mh'Xui.u  i  iintl  ,mh  r.td 

(ill  riddiri 


Aht  i<**idunt  and 

l«»r  iiildif  r 


nn  .'.tJ 
M»*nvy  mfitij 

(iur'd  iM'ii | i'i  n  i  ,4|do|- 
lUdln  up  i iii'  i a  I 

Aniifik-uliint,  aniuad 


UK 

M  M*Mi  ihv  )i)inmd 
CM 


•M^  O  /  \  oil 

\  f 


Kyi  "U«lh»l 
-•Ml 

%  u,« 
'1  on 


Uuii.|r.»  ifd 


Nil  , 


-v  •'  /  \  /  -\ 

>  T  N  N  '  \  {  > 

l  i  \  •/  \  / 


Nil, 

l*J 


1  !i 


AiHniMilani 
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FIGURE  C-l.  RADIATION  DOSE  REQUIRED  FOR  THRESHOLD,  25  PER  CENT.  AND 
50  PER  CENT  CHANGE  IN  TENSILE  STRENGTH  OF  ELASTOMERS 
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50  PER  CENT  CHANGE  IN  SET  AT  BREAK  OF  ELASTOMERS 
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